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The present Invention relates to an electroluminescent device (EL device) using an organic film containing 

a " ^^nC«.«^arch and development of organic EL devices used as display and illumination de- 
vices have flourished. For example. Shogo Saito. the Kyushu University. "Portedan E ^ J^^fJ"^ 
oanic two-layered structure using metal electrode/aromatic coloring material/polythlophene/metal electrode 
(j j addI Phys.. 25. L773. 1986). In this device, however, the thickness of the organic fim is 1 urn or more, 
andavoltage applied to the device is as high as 100 V or more. To the contrary CW. Tang et aL. Easjnan 
KodaVmZted w ELdevlce having an onjantetwo-^^ 

Lett. 51 913. 1987). According to this report the thickness of the organic film Is set to be 100 nm or less to 
drivethe device at a voltage of 10 Vorless. thereby obtaining a device having a practically sufficientluminance. 
The above ELdevlces have the following characteristic features. An electron injection coloring material Is com- 
bined with a hole injection coloring material to obtain an organic two-layered structure. The thickness of the 
organic film is minimized, a metal electrode having a low work function Is used ^ electron Injection, and an 
organic material formed by vacuum deposition or sublimation is selected to prevent electrical defects in fabri- 
cation of the EL device. In addition. Shogo Saito, the Kyushu University, proposed a device having an organ* 
three-layered structureof electron injection layer/light-emitting layer/hole injection layer. In this structure, high- 
luminance emission can be obtained by employing an organic material having a high photoiuminescence as a 
lioht-emitting layer (JJ. Appl. Phys., 27. L269. 1988). 

OaJw. T. TsutsuCand S. Saito (Appl. Phys. Lett.. 56. 799 (1990)) proposed a device having an organic 
three-layered structure of MgAg/electron transport flight-emitting Atari*. ™"^™^ n £°^* 
to this report, when phenylbenzoxadtazole (PBD). dlmethyttetraphenytbenzldlne (TAD). ^mphMtftafr 
diene molecules were respectively used for the electron transport f Urn. the hole transport film, and the light- 
emitting film. At a drive voltage of 10 V and a current density of 100 mA/cm*. emission having a luminance of 
700 cd/m 2 was obtained. However, when another light-emitting film with lower photolumlneecent efficiency is 
used, the luminance Is greatly decreased and the emission wavelength Is sometimes shifted to a longer wa- 

^pSartlng the luminance required for e practical uaage. organic EL devices heve almost been satisfied. 
However many technical problems ere left unsolved In luminous efficiency, device life time, and device fabri- 
cation process. The luminous efficacy defined as the ratio of emission photo densities to electric charge .car- 
rtere Is e maximum of 1% at present and la generally about 0.1%. Alow luminous efficiency indicates that a 
current which does not contribute to emission flows across the electrodes. This current causes a decrease In 
device life time because the Joule heat generated deforms the layered device structure and sometimes de- 
composes the organic layers. Therefore. In order to obtain a practical organic EL device, demand haa arisen 
for increasing the luminous efficiency from at least several % to about 10%. 

In order to Incteaee the luminous efficiency of the organic EL device, the device structure and the electrical 
characteristics of materials used must be optimized. However, only the qualitative charoctorizationfor them 
are available at present Electron (or hole) transportability, electron (or hole) Injection properties, election donor 
properties, electron acceptor properties, and emission properties of the cranio f tots are key factors affecting 
the device performances. Therefore, the optimal conditions for designing the device structure are not yet suf- 

f ^n^eTtoarrange a full color dlaplay using organic EL devices, three-colored EL devices of red. green, 
and blue (RGB) are required. As Is well known. It is difficult to achieve blue emission with a wavelength shorter 
than 470 nm (2.6 eV). This is partly because the wide optical band gap la susceptible to Influences of Impurities 
in the EL device. For this reason, even if blue emission is obtalnsd. its luminous efficiency and luminance are 
low In addition, unexpected long-wavelength emission which may be caused by indirect transition from an Im- 
parity level is observed, and its color purity is not so high. This problem wil be described in detail below 

According to the above definitions, the conventional organic EL device has a basic structure in which an 
anode (second electrode), a second organic film consisting of hole Injection molecules, a first organic f Im con- 
sistino of electron injection molecules, and a cathode (f list electrode) are sequentially stacked. In this structure, 
assume a device for realizing blue emission (26 eV). It Is known that the maximum energy of •mission of an 
organic material la shifted to a low energy from the band gap (absorption end) by about 05 eV (Stokes sWt). 
When this is taken into consideration, a material having a band gap of 3.0 eV or more Is preferably used to 

obtain blue emission. .,....» .-m 

An electrode having as a large work function aa possible Is used for the second electrode. An ITO trans- 
parent electrode haa a work function of 4.8 eV. An electrode having as a small work function as possible to 
facilitate electron injection is used for the first electrode. For example, an At electrode has a work function of 
4 2 e\£ 

In a conventional device, a material which la easily subjected to electron injection from the first electrode 
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(At ) is used as the first organic f Urn. Thus, the material having a high electron affinity in respect of an energy 
level, Le. t a conduction band level of 3.8 eV or more is selected. On the other hand, a material which is easily 
subjected to hole injection from the second electrode (ITO) is used as the second organic film. Thus, the ma- 
terial having a low ionization potential in respect of an energy level, Le., a valence band level of 5.4 eV or less 
is selected. When the band gap of an organic film is 3 eV, the conduction band level of the second organic 
film is 2.4 eV or less, and the valence band level of the first organic f 1m is 6.8 eV or more. 

A junction of this device in a flat band state b shown in Fig. 1. In this device, the Junction barrier of an 
interface of two organic films has a value exceeding 1.0 eV on both the conduction and valence band sides. 
In this case, when stronger donor molecules which tend to be injected with holes and stronger acceptor mol- 
ecules which tend to be injected with electrons are used, i.e., when molecules having a low ionization potential 
and molecules having a high electron affinity are used, the junction barrier is increased. 

In such a device, when a positive bias Is applied to the second electrode, an operation shown in Figs. 2 
and 3 is ideally performed. More specifically* electrons are injected from the first electrode to the first organic 
f Im and are stored at the interface between the first and second organic flms. Meanwhile, holes are injected 
from the second electrode to the second organic film and are stored at an interface of the second and first 
organic films. The electrons and the holes form an electrical double layer through the interface of the organic 
flms. A strong electric field is induced in the electrical double layer, so that the electrons or positive holes tend 
to be tunnel-injected. As a result, the electrons are tunnel-injected to the second organic film and are recom- 
bined with the positive holes in the second organic film, thereby emitting light Meanwhile, the positive holes 
are tunnel-injected into the first organic flm and are re combined with the electrons in the first organic film, 
thereby emitting light If the device Is assumed to be operated on the basis of this Ideal principle, an emission 
wavelength Is determined by the band gaps of the first and second organic flms. Even If the Stokes shift is 
taken Into consideration, emission in the blue range having the central energy of about 2.7 eV Is assumed to 
be obtained. 

However, in the device manufactured by the state-of-the-art process and having the junction in Fig. 1, elec- 
troluminescence occurs in the red region of 2.0 eV or less because a structural disturbance is found to occur 
at the interface of the organic films in the device manufactured by the state-of-the-art process. This wil be 
described below. 

Assume that a first organic film is deposited on a second organic film. In a deposition apparatus, molecules 
: constituting the first organic f Im are bombarded against the surface of the second organic f 1m at high speed. 
As a result, as shown in Fig. 4, the molecules constituting the first organic f Im are diffused In the second or- 
ganic film. The diffusion depth may reach several 1 0 nm. As shown In Fig. 5, the structure of the second organic 
f Im is disturbed upon bombardment of the electrons theroagainet, and an Intermediate layer, in which the mol- 
ecules constituting the second organic film are mixed with those constituting the first organic film at almost 
the same concentration, may be formed. At shown In Fig. 8, when these phenomena occur, a new level (to 
be referred to ae a charge transfer (CT) level hereinafter) caused by the conduction band level of the molecules 
constituting the first organic film is formed in the second organic f Im. At this time, the electrons injected from 
the first electrode to the first organic film are not stored at the interface between the organic films but are 
injected In the second organic film through the CT level, and are recombined with the holes In the valence 
band of the second organic film. More specifically, assume that the rate of electrons injected through the In- 
terface of the organic flms Is defined as k^ and that a recombination rate caused by transition from the CT 
level is defined as kc T . When the junction barrier has a value exceeding 0.8 eV as in the conventional device, 
an Injection probability caused by the thermal excitation process is greatly decreased to make « kc T . 

Since the recombination energy is about 2.0 eV or less, only long- wavelength emission Is obtained In this 
device. In addition, when stronger donor molecules and stronger acceptor molecules are used, the position of 
the CT level comes dose to the valence band of the second organic f Im. so that emission is shifted to a longer 
wavelength. As a result the blue emission EL device described above cannot be realized. In addition, since a 
CT emission spectrum is generally broad so as to have a half value width of 0.4 eV, and a color mixture with 
emission caused by recombination of the tunnel-injected electrons and positive holes also occurs, the color 
purity is greatly decreased. In order to prevent this CT emission, It Is preferable to prevent diffusion of molecules 
during stacking of the organic films. It is, however, very difficult to realize this In accordance with the state- 
of-the-art process. 

Even in the absence of diffusion of molecules during stacking of organic f Urns, when the conduction band 
of the first organic f Im is close to the valence band of the second organic film, the electrons and holes stored 
at the junction interface of the first and second organic films may be indirectly recombined through the junction 
interface. At this time, the emission wavelength corresponds to an energy difference between the conduction 
band of the first organic f Im and the valence band of the second organic f Im. In this case, long-wavelength 
emission occurs, and emission hsving a wavelength distribution determined by the band gaps of the first and 
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second organic films cannot be observed. 

As described above, in the conventional organic EL devices, electrical junction conditions and structural 
conditions of the thin f fans at the interface are influenced by a variety of factors. It is difficult to manufacture 
an organic EL device which can be ideally operated. That is, in the conventional organic EL devices, since amis- 

5 sion based on the above-mentioned indirect recombination occurs in addition to the emission having a wave- 
length determined by the band gaps of the first and second organic f Urns, the color purity and hence the lu- 
minous efficiency are decreased accordingly. 

It is an object of the present invention to provide an organic EL device capable of solving the conventional 
problems described above, performing an ideal operation, and obtaining desired emission with a high luminous 

to efficacy. 

An organic EL device according to the present invention comprises a multilayered structure of first and 
second organic films, in which said first organic f Urn serves as a light-emitting layer, a first electrode for electron 
injection formed on a first organic f Urn side of the multilayered structure, and a second electrode for hole in- 
jection formed on a second organic f Im side of the multilayered structure, wherein a relation E V i - Ev2 5 0.6 
f 0 eV is satisfied where E Vi and Ev2 are energy differences of valence bands of the first and second organic films 
from a vacuum level, and at least an interface of an organic film and an electrode with a higher junction barrier 
has such an interface structure that carriers can be tunnel-injected due to the decrease in a barrier thickness 
when a voltage is applied. 

Another organic EL device according to the present invention comprises a multilayered structure of first 
20 and second organic films, in which the second organic film serves as a light-emitting layer, a first electrode 
for electron Injection formed on a first organic f Im side of the multilayered structure, and a second electrode 
for hole injection formed on a second organic film side of the multilayered structure, wherein a relation Eci - 
Eca * 0.6 eV Is satisfied where Eci and Ec2 are energy differences of conduction bands of the first and second 
organic films from a vacuum level, and at least an interface of an organic film and an electrode with a higher 
25 junction barrier has such an interface structure that carriers can be tunnel-injected due to the decrease In a 
barrier thickness when a voltage Is applied. 

Still another organic EL device according to the present invention comprises a multilayered structure of 
an organic film for electron Injection and an organic f Im for hole injection, at teast one of which consists of a 
plurality of layers, and an organic film serving as a light-emitting layer interposed therebetween, a first eleo- 
ao trode for electron injection formed on the side of the organic film for electron Injection of the multilayered struc- 
ture, and a second electrode for hole injection formed on the side of the organic f Im for hole injection of the 
multilayered structure, wherein a barrier height against electron injection at each interface of layers present 
from the first electrode to the organic f Im serving as the light-emitting layer is not more than 0.6 eV, and a 
barrier height against hole Injection at each interface of layers present from the second electrode to the organic 
35 f Im serving as the light-emitting layer is not more than 0.6 eV. 

The energy difference from the vacuum level of the valence band of each organic film is equal to the Ion- 
ization potential of this organic film, and the energy difference from the vacuum level of the valence band of 
each organic f Im Is equal to the electron affinity of this organic film. 

This invention can be more folly understood from the following detailed description when taken in conjuno- 
40 tion with the accompanying drawings, in which: 

Fig. 1 is a band diagram showing a junction state at a flat band bias in a conventional organic EL device 

using strong acceptor molecules and strong donor molecules as the first and second organic flms; 

Fig. 2 is a band diagram for explaining the principle of operation when a low bias voltage is applied to the 

device in Fig. 1; 

40 Fig. 3 Is a band diagram for explaining the principle of operation when a high bias voltage is applied to the 
device in Fig. 1; 

Fig. 4 Is a band diagram showing a state at a flat band bias in which a CT level Is formed in a conventional 
organic EL device; 

Fig. 5 Is a band diagram showing a state at a flat band bias in which an intermediate layer is formed in a 

so conventional organic EL device; 

Fig. 6 is a band diagram showing the principle of operation when CT emission is generated in Fig. 4 or 5; 
Fig. 7 is a sectional view showing a structure of an organic EL device according to the present invention; 
Fig. 6 is a band diagram showing a junction state at a flat band bias in the organic EL device in Fig. 7; 
Fig. 9 is a band diagram for explaining the principle of operation in the organic EL device shown in Fig. 7; 

55 Fig. 1 0 is a sectional view showing another structure of an organic EL device according to the present In- 

vention; 

Fig. 11 is a band diagram showing a junction state at a fiat band bias in the organic EL device shown in 
Fig. 10; 
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Fig. 12 la a band diagram for explaining the principle of operation in the organic EL device shown in Fig. 
10; 

Fig. 13 ia a band diagram showing a junction state at a flat band bias in stil another organic EL device 
according to t he present invention; 

Fig. 14 is a band diagram for explaining the principle of operation of the organic EL device shown in Fig 
13; 

Fig. 15 is a flat band diagram partially showing a Junction state In a multilayered organic EL device accord- 
ing to the present invention; 

Fig. 16 is a flat band diagram partially showing a junction state in a conventional organic EL device; 
Fig. 17 ia a band diagram showing a manner of electron injection from the first electrode to the adjacent 
organic film in the organic EL device in Fig. 18; 

Fig. 1 8 Is a band diagram showing a manner of electron injection from the first electrode to the first organic 
film in the organic EL device in Fig. 15; 

Fig. 19 ia a band diagram showing a manner of electron injection from the first organic film to the second 
organic film in the organic EL device in Fig. 15; 

Fig. 20 is a band diagram showing a manner of electron injection from the second organic f 1m to the third 
organic film in the organic EL device in Fig. 15; 

Fig. 21 is a sectional view showing stil another structure of an organic EL device according to the present 
invention. 

Fig. 22 is a band diagram at a flat band bias in the organic EL device in Fig. 21; 

Fig. 23 la a band diagram for explaining the principle of operation when a low bias voltage ia applied to 

the device in Fig. 21; 

Fig. 24 la a band diagram for explaining the principle of operation when a high bias voltage ia applied to 
the device In Fig. 21; 

Fig. 25 ia a band diagram at a flat band biaa in stil another organic EL device according to the present 
invention; 

Fig. 28 Is a band diagram for explaining the principle of operation In device in Fig. 25; 

Fig. 27 is a band diagram at a flat band bias in a light-emitting layer constituting still another organic EL 

device according to the present invention; 

Fig. 28 Is a band diagram in a light-emitting layer for explaining the principle of operation in the device in 
Fig. 27; 

Flg ; 29A ia a sectional view of a device used In a measurement by a displacement current method, and 

Fig. 29B is a wave form diagram of a voltage applied in the displacement current method; 

Fig. 30 shows a displacement current detected by the displacement current method; 

Fig. 31 shows another displacement current detected by the displacement current method; 

Fig. 32 shows stil another displacement current detected by the dlaplacement current method; 

Fig. 33 ia a sectional view c# another device used In a measurement by a displacement current method; 

Fig. 34 shows a dlaplacement current detected by the dlaplacement current method In Fig. 33; 

Fig. 35 ia a sectional view showing the structure of the organic EL device of Example 25 In the present 

Invention; 

Fig. 38 is a band diagram at a flat band bias in the organic EL device In Fig. 35; 

Fig. 37 ia a band diagram for explaining the principle of operation when a low biaa voltage la applied to 

the device in Fig. 35; 

Fig. 38 la a band diagram for explaining the principle of operation when a high biaa voltage ia applied to 
the device in Fig. 35; 

Fig. 39 ia a sectional view showing the structure of the organic EL device of Example 28 In the present 
invention; 

Fig. 40 Is a band diagram at a flat band bias in the organic EL device in Fig. 39; 

Fig. 41 is a sectional view showing the structure of the organic EL device of Example 27 in the present 

invention; 

Fig. 42 is a band diagram at flat band biaa in the organic EL device in Fig. 41; 

Fig. 43 is a band diagram for explaining the principle of operation in the device in Fig. 41; 

Fig. 44 Is a sectional view showing the structure of the organic EL device of Example 28 in the present 

invention; 

Fig. 45 is a band diagram at a flat band biaa in the device in Fig. 44; 

Fig. 48 ia a band diagram for explaining the principle of operation when a tow biaa voltage la applied to 
the device in Fig. 44; 

Fig. 47 la a band diagram for explaining the principle of operation when a high biaa voltage ia applied to 
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the device in Fig. 44; 

Fig. 48 is a sectional view showing the structure of the organic EL device of Example 29 in the present 
invention; 

Fig. 49 is a band diagram at a flat band bias in the organic EL device in Fig. 48; 
5 Fig. 50 is a band diagram for explaining the principle of operation in the device in Fig. 48; 

Fig. 51 is a sectional view showing the structure of the organic EL device of Example 30 in the present 
invention; 

Fig. 52 is a band diagram at a flat band bias in the organic EL device in Fig. 51; 
Fig. 53 is a band diagram for explaining the principle of operation in the device in Fig. 51; 
10 Fig. 54 is a sectional view showing the organic EL device of Example 36 in the present invention; 
Fig. 55 is a band diagram at a flat band bias in the organic EL device in Fig. 54; 
Fig. 56 is a band diagram for explaining the principle of operation In the device in Fig. 54; 
Fig. 57 is a sectional view showing the structure of the organic EL device of Example 38 in the present 
invention; 

15 Fig. 58 is a band diagram at a flat band bias in the organic EL device in Fig. 57; and 

Fig. 59 is a band diagram for explaining the principle of operation in the device in Fig. 57. 
Fig. 7 is a sectional view showing a structure of an organic EL device according to the present invention. 
This device has a structure in which a second electrode (Ma) 2, a second organic film (OJ 3, a first organic 
flm (00 4, and a first electrode (MO 5 are sequentially formed on a glass substrate 1. This device satisfies a 

20 relation E V i - Ev2 * 0.6 eV where E V i and Ey* are energy differences of the valence bands of the first and second 
organic films from the vacuum level. The first electrode 5 serves as a field emission electrode having a filament- 
like projection to tunnel-Inject the electrons to the first organic film 4 by applying a low voltage. 

Fig. 8 Is a band diagram at a flat band bias of the organic EL device In Fig. 7. The principle of operation 
of this device will be described with reference to Fig. 9. When a bias voltage is applied to the device such that 

26 the second electrode becomes positive, the electrons are tunnel-injected from the first electrode to the first 
organic f im and are stored at the interface between the first and second organic films. At almost the same 
time, the holes are Injected from the second electrode to the valence band of the second organic film. Since 
the barrier height at the Interface between the second organic f im and the first organic f Im Is 0.6 eV or less 
with respect to hole injection, the holes are further thermally excited and injected in the first organic film. As 

ao a result, these holes are recombined with the electrons already present In the conduction band of the first or^ 
ganlc film, thereby emitting light At this time, the emission spectrum is originated from direct transition of or- 
ganic molecules constituting the first organic f Hm. 

Fig. 10 is a sectional view showing another structure of an organic EL device according to the present In- 
vention. Thie device has a structure in which a second electrode (Mj) 2, a second organic f Im (O2) 3, a first 

35 organic f Im (d) 4, and a first electrode (M,) 5 are sequentially formed on a glass substrate 1. This device 
satisfies a relation Eci - Eca * 0.6 eV where Eci and Eca are energy differences of the conduction bands of 
the f iret and second organic flms from the vacuum level. The second electrode 2 serves as a field emission 
electrode having a f lament-lice projection to tunnel-Inject the holes to the second organic f Im 3 by applying 
allow voltage. 

40 Fig. 11 is a band diagram at a flat band bias of the organic EL device in Fig. 10. The principle of operation 

of this device will be described with reference to Fig. 12. When a bias voltage is applied to the device such 
that the second electrode becomes positive, the holes are tunnel-Injected from the second electrode to the 
second organic film and are stored at the interface between the first and second organic films. At almost the 
same time, the electrons are injected from the first electrode to the conduction band of the first organic film. 

46 Since the barrier height at the interface between the second organic f Im and the first organic f Urn Is 0.6 eV 
or less with respect to electron injection, the electrons are further thermally excited and injected in the second 
organic f Hm. As a result, these electrons are recombined with the holes already present in the valence band 
of the second organic film, thereby emitting light At this time, the emission spectrum is originated from direct 
transition of organic molecules constituting the second organic film. 

so Fig. 13 is a band diagram at a flat band bias of an organic EL device which satisfies both E V i - Eva * 0.6 
eV and E C i - Ec 2 s 0.6 eV. The principle of operation of thie device will be described with reference to Fig. 14. 
When a bias voltage is applied to this device such that the second electrode becomes positive, the electrons 
are tunnel-injected from the first electrode to the first organic film. At almost the same time, the holes are in- 
jected from the second electrode to the valence band of the second organic film. In this device, since the barrier 

56 height at the interface between the first organic f Im and the second organic f Im Is 0.8 eV or less with respect 
to both hole injection and electron injection. Therefore, the holes can be Injected in the first organic film and 
recombined with the electrons already present in the conduction band of the first organic f Hm, as well as the 
electrons can be injected in the second organic film and recombined with the holes already present In the va- 
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lence band of the second organic film. Thus, in this device, any one of the first and second organic films can 
serve as a light-emitting layer. 

According to the present invention, even if the structure of the interface between the first and second or- 
ganic film is disturbed due to the problem caused by the process in the above organic EL device, since the 
barrier height at the interface between the first and second organic f Urns is as low as 0.6 eV with respect to 
the hole or electron injection, the holes or electrons tend to be thermally excited and injected through the in- 
terface between the first and second organic films. There is a high probabllty that the holes or electrons are 
injected in the first or second organic film and are then recombined to emit a light That is, in the organic EL 
device according to the present invention, the organic film serving as the light-emitting layer has electrical char- 
acteristics similar to those of the organic f Im which forms a junction with the light-emitting layer, thereby de- 
creasing the Junction barrier height therebetween. The carrier injection rate (k^ Is much higher than the in- 
termodular recombination rate (kcr) » kcr). As a result carriers are easly injected due to the thermal 
excitation process or the lice, the efficiency of Injection and recombination of the electrons and positive holes 
in the light-emitting f Im can be improved. Desired emission corresponding to the band gap of the light-emitting 
f Im is obtained. At the same time, a light-emitting device having a high luminance and a high luminous effi- 
ciency can be realized. 

Further, in the present invention, a third organic flm may be formed between the organic f im serving as 
the light-emitting layer and the adjacent electrode. Supposed that the third organic film is formed between 
the first organic film and the first electrode, it is preferable to satisfy a relation E« - Eca s 0.6 eV where Ec3 
is energy difference of the conduction band of the third organic flm from the vacuum level. Supposed that 
the third organic film Is formed between the second organic flm and the second electrode, it Is preferable to 
satisfy a relation Eva • Ev3 ^ 0.6 eV where Eya la energy difference of the valence band of the third organic 
flm from the vacuum level. 

A combination of organic molecules used for the first and second organic films according to the present 
invention is not limited to any specific one if a barrier junction is formed at an interface between the first and 
second organic films and condition E V i - Eya a 0.6 eV or Eci - E* * 0.6 eV is satisfied. For example, a com- 
blnation of weak donor molecules and strong donor molecules, a combination of strong acceptor molecules 
and weak acceptor molecules, and a combination of weak acceptor molecules and weak donor molecules may 
be exemplified. To form a barrier junction at the interface between the first and second organic films, E V i . Ev* 
Eci, and Eca preferably satisfy conditions Eyi > Ev2 and Eci > Ec* The acceptor and donor molecules are de- 
termined by electron aff inly and ionization potential values of the organic molecules, respectively. An organic 
molecule having an electron affinity Ec of 1 .6 eV or more corresponds to an acceptor molecule, and an organ ic 
molecule having an Ionization potential EV of 7.1 eV or less corresponds to a donor molecule. According to 
the present invention, a weak acceptor molecule and a weak donor molecule indicate an organic molecule hav- 
ing the electron affinity Ec of 1.5 to 3.0 eV and an organic molecule having an ionization potential EV of 5.6 
to 7.1 eV, respectively. A strong acceptor molecule and a strong donor molecule indicate acceptor and donor 
molecules except for the above molecules. 

Examples of the combination of organic molecules used for the first and second organic films In the organic 
EL device according to the present invention are summarized In Table 1 . 
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Table l 





First Organic Film 


Second Orqanic Film 


1 


©BBOT 


PPCP 


2 


IXD-S6 


©PPCP 


3 


OXD-S1 


©PPCP 


4 


OXD-F1 


© PPCP 


5 


OXD-7 


©PPCP 


6 


©BBOT 


PBBO 


7 


® OXD-S6 


©PBBO 


8 


OXD-S1 


<§>FBBO 


9 


OXD-P1 


©PBBO 


10 


OXD-7 


©PBBO 


11 


© DNIBPC 


PBBO 


12 


©PBBO 


DIAMINE 


13 


PBBO 


©OXD-8 


14 


PBBO 


©PPCP 


15 


©OXD-S1 


©OXD-7 


16 


©BBOT 


OXD-7 


17 


© DNIBPC 


OXD-7 


16 


©BBOT 


OXD-S1 


19 


©DNIBPC 


OXD-S1 


20 


DNIBPC 


©BBOT 



In Table 1. compounds represented by abbreviations represent the following compounds (C1) to (C10). and 
compounds each marked with © constitute light-emitting layer. 
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CH3O 
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Of the first and second organic flms according to the present invention, organic molecules having a light- 
emitting property are used for at least an organic film serving as a light-emitting layer. In this case, since the 
emission wavelength distribution la determined by the band gap of the organic film serving as the light-emitting 
layer, the organic molecules are selected in accordance with a desired emission wavelength distribution For 
«a example, to realize blue emission, light-emitting organic molecules are selected such that the band gap of the 
organic film serving as the light-emitting layer la 2.6 eV or more, and preferably 3.0 eV or more. 

Practical light-emitting organic molecules are aa follows. Examples of the acceptor molecule are molecules 
having a cyano group, a dicyanomethlne group, a cyanocarbonylmethine group, a quinoide group, an oxazole 
group, and an acid anhydride group. The donor molecule is a molecule having polycyclic aromatic hydrocarbon 
atoms and particularly having a hetero atom. Optimal examples of the donor molecule are molecules each hav- 
ing at least one of an anline group, a trfphenylamine group, a triphenyfmethane group, and a group obtained 
by introducing an appropriate substftuent group (e.g., an alkyl group or an alkoxyl group) in each of the above 
groups. 

According to the present Invention, a material having aa a small work function E M1 as possible is used for 
the first electrode. More specfficaly, examples of the material having a small work function E M1 are At Ma 
and a rare earth element each of which has the work function of 2.8 to 4.1 eV. A material having aa a 
large work function aa possible ia used (or the second electrode for hole injection. Examples of the material 
having a large work function E* are Au. Cu, Pt, Ir. and ITO. each of which has the work function Em, of 4 8 to 
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In the present invention, it is from the following reason that at least an interface of an organic film and an 
electrode with a higher junction barrier is defined to have such an interface structure that carriers can be tun- 
nel-injected due to the decrease m a barrier thickness when a voltage is applied. 

When the explanation win be made supposed that a third organic f 1m is formed neither between the first 
organicf ilm and the first electrode nor between the second organicf ilm and the second electrode. In this case, 
to Inject the electrons from the first electrode to the conduction band of the first organic film and the holes 
from the second electrode to the second organicf ilm while a low bias voltage is applied, the following conditions 
are preferably established: 

Em, - Ec, SLOeV 
Ev2 - EwSLOeV 

and more preferably 

Em, - Eci s 0.8 eV 
Eva - Em2 s 0.6 eV 

When the number of electrons injected from the first electrode to the conduction band of the first organic film 
is largely different from the number of holes injected from the second electrode to the valence band of the 
second organic film, the luminous efficacy of the organic EL device is greatly decreased accordingly, so that 
the following condition is still more preferably established: 

l(E M , - Ec,) - (Eva - Emj)| S0.3eV 
20 In the organic EL device according to the present Invention, It Is difficult to satisfy both conditions E M i - 
Ec, a 1.0 eV and Eva - Em a 1.0 « v « and particularly conditions Em, - Ec, s 0.6 eV and Eva - Emj s °- e « v - 
When these conditions are not satisfied, a high bias voltage must be applied to Inject the electrons from the 
flret electrode to the conduction band of the-flrst organic film and the holes from the second electrode to the 

valence band of the second organic film. 

a To the contrary, according to the present Invention, carriers can be tunnel-Injected from an electrode to 
the adjacent organic f 1m due to the decrease In a barrier thickness even when a low voltage is applied by a 
means such as f lament-Ike projections formed on the surface of an electrode which does not satisfy the above 
condition. That is, by utilizing the field emission upon concentrating an electric field on the projection, carrier 
Injection by the tunnel effect can be facilitated, thereby decreasing the operating voltage. The filament length 
so preferably falls within the range of 1 to 10 nm. 

A method of forming filament-like projections on the surface of en electrode by forming en organic film 
on the electrode is different from thet by forming en electrode on an organic film. According to the former meth- 
od f lament-like microscopic projectlone are formed by photolithography on the surface of the electrode. Ac- 
cording to the latter method, the morphology of the surface of the organic film la utilized. The structures of 
38 the organic films are mainly classified Into monocrystalllne. potyerystalllne, and amorphous structures. Al- 
though the surface of an amorphous film la relatively flat, projections are present on the surface of a poly- 
crystalline film. When a metal thin film is formed on the surface of the polyorystalline film, the metal enters 
gaps between the projections to form a f lament structure. To make an organic f 1m Into a polycrystalllne film, 
for example, deposition conditions may be controlled. An Insulating or semiconducting Inorganic oxide such as 
40 Af 2 Os. MgO. InjO,, PbO, or SnOj having a polycrystalllne structure may be formed on an amorphous organic 
f Im and an electrode ie formed thereon to obtain the same electrode structure as described above. In this 
case, the above polycrystalllne film need not be formed on the entire surface of the organic film. It is preferable 
to partially form a polyeryatallne film having projections on the organic film. 

If Em - Eci > 0.6 eV and Eva - Ems > 0.6 eV. then H is difficult to inject both the electrons from the first 
48 electrode to the first organic f Im and the holes from the second electrode to the second organic f Im. Even m 
this device, filament-like projections are formed on the surfaces of the first and second electrodes to concen- 
trate the electric field, and the field emission is utilized to facilitate electron injection and hole Injection by the 
tunnel effect, thereby decreasing the operating voltage. 

According to the present invention, as a means for decreasing the barrier thickness st the Interface be- 
so tween the metal and the organic f Im. an impurity is Intentionally doped In the interface between the metal 
and the organic flm to form an Interface level, thereby pinning the Fermi level of the metal. As an impurity, a 
strong acceptor molecule such as a TCNQ molecule is used to decrease the barrier against electron Injection, 
and a strong donor molecule such as a TTF molecule is used to decrease the barrier against hole Injection. 
Such molecules are made present at only the Interface at a high density to cause charge transfer from the 
58 metal surface to the molecules forming the junction with each other, thereby fixing the level to the Fermi level 
of the metal. According to this technique, the metal/organic function barrier can be reduced to some extent 
An organic EL device having a multilayered structure comprising four or more layers according to the pres- 
ent invention wll be described below. This organic EL device comprises a multilayered structure consisting of 
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an organic film for electron injection and an organic flm for hole injection, at leaat one of which consists of a 
plurality of layers, and an organic film serving aa a light-emitting layer interposed therebetween, a first elec- 
trode for electron injection formed on the side of the organic film for electron injection of the multilayered struc- 
ture, and a second electrode for hole injection formed on the side of the organic flm tor hole injection of the 
multilayered structure. The barrier height against electron injection at each interface between layers present 
from the first electrode to the organic film serving as the light-emitting layer is 0.6 eV or less. At the same 
time, the barrier height against hole injection at each interface between layers present from the second elec- 
trode to the organic f Urn serving as the light-emitting layer is 0.6 eV or less. 

In this device, any one of the organic f Urn for electron injection and the organic flm for hole injection, which 
is present on the electrode side when viewed from the organic f im serving as the light-emitting layer, consists 
of a plurality of layers. Therefore, four or more organic flms including the organic film serving as the light- 
emitting layer are formed. Also, the plurality of organic f Urns may serve as light-emitting layers. When the band 
gaps (E,) of the respective organic films are almost equal to each other, the plurality of organic films serve 
as light-emitting layers. In this case, however, considering that the moblity of the carriers in the organic flm 
is low, an organic flm (light-emitting layer) in which electrons are recombined with holes is generally one layer. 
In particular, l an organic film having a narrow band gap ia formed near the central portion of the organic mul- 
tilayered structure, this organic f Urn can serve as a light-emitting layer. When a total of n organic layers are 
formed on the second electrode and the first electrode is finally formed by vacuum deposition, an organic flm 
serving aa a light-emitting layer ia preferably formed on the second electrode side from the central portion of 
the multilayered structure consisting of organic flms so as to eliminated Influences of electrode deposition. 

Assume an organic EL device according to the present Invention has a first electrode, fkat to nth (n a 4) 
organic flms. and a second electrode. The relationship between the energy levels of the respective layers will 
be described below. Work functions of the first and second electrodes are defined aa Em, and Em,, energy 
differences (to be referred to as conduction band levels hereinafter) of the conduction bends of the first to nth 
layers from the vacuum level are defined as Ec, to Ec n , and energy differences (to be referred to as valence 
band levels hereinafter) of the valence bands of the first to nth organic flms from the vacuum level are defined 
as Evi to Evh. The order of layers of the organic film are counted from the first electrode side, and the organic 
flm serving as the light-emitting layer le defined as the kth (1 a k a n) layer. 

The barrier height against electron Injection et each interface between layers present from the first elec- 
trode for electron injection to the organic flm serving es the light-emitting layer is 0.6 eV, which feet can be 
represented as follows: 

Em, - Ec, S 0,6 eV (1) 
E&» - Ec ♦ , a 0.6 eV (2) 
(where m Is an integer from 1 to k-1. Note thet the case k»1 is excluded). 

Thle barrier height against electron injection le preferably 0.4 eV or leee. The value of formula (2) may be 
negative, that le. eny barrier against electron injection ie not present Condition (2) le satisfied or need not be 
satisfied in each interface between the layers present from the light-emitting layer to the second electrode. 
For thle reason, if the barrier height against electron injection between the kth organic flm serving aa the light- 
emitting layer and the (k+1)th organic layer Is set to be e value exceeding 0.6 eV. the electrons can be stored 
40 in the light-emitting layer. 

The barrier height against hole injection at each interface between the layers present from the second 
electrode for hole injection to the organic flm serving as the light-emitting layer is 0.6 eV. which foot is reore- 
sented aa follows: 

Ev», - Eua a 0.6 eV (3) 
48 Ev». , - Ev.a0.6eV (4) 

(where m is an integer from k+1 to n. Note that the case k»n is excluded.). 

This barrier height against hoie~injecrJon ia more preferably 0.4 eV or less. The value of formula (4) may 
be positive, that is. any barrier against hole injection ie not present Condition (4) is satisfied or need not be 
satisfied In each interface between the layers present from the light-emitting layer to the first electrode There- 
fore, when the barrier height against hole injection between the kth orgenlc layer serving as the light-emitting 
layer and the (k-t)th organic layer is set to be a value exceeding 0.6 eV. the holes can be stored in the Itaht- 
emitting layer. 

Ae described above, in the conventional organic EL device, since a difference (AE) between the valence 
band level (ionization potential) of the organic flm serving ss the light-emitting layer and the conduction band 
level (electron affinity) of the organic film forming a junction therewith is small, emission caused by intermo- 
lecular transition tends to occur. To the contrary, in the organic EL device according to the present Invention 
which satisfies conditions (1) to (4), the electrical characteristics of the organic film serving ae the light-emitting 
layer are simlar to those of the organic film forming a Junction therewith, and the difference AE cannot be set 
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sideration. an excitation current density J from the eiearoae 
thermal equilibrium state: ^ a • "Pexp( - qA*a/KT) (5) 

be considered, as shown In Fig. 17. -jeBtron Injection Is divided Into several steps, as shown 

On theothar hand, when the b«rwrie^^ 

in Fig. 15. since the junction barrier be we stored at the Interface between the first 

LcL. can be injected at a ^^;^^;^^t^ 0 l the fir* organic f Im a.mc*co- 
organlc film and the second organic film lr^™l*" . f „ ^ ^ regarded as an electrode 

3s. with the workfuncttonof ^^^^J^^^T^o, Necdon to applied to the 
for electron Injection. Thereafter, the voltage ^^SlSSlm electron Injection between the first or- 
o%an.c f*»"xceptforth.f.r.t^ 

ganic film and the second organic "^"'^^tW Injected lecbona are stored at the Interface be- 
ao f|m although the voltage Is not «>"» , *»«*5' «lm *Flo ^Slnc* the second organic film is also re- 

tween the second orgsnlc film and the third *J ^ nteeted , n the third organlcf Im (Fig. 

garded as the electrode for elecbon Injectton. *■ to F*. 16 has higher efficiency of elec- 
So) without much incr-jng the ^^Z^7T^^ dlso!s..on can apply to hoi. Injectton. 

„ ^tn.^ 

tage than'that applied to the ^ ^ , mprov . carrier recombination efficiency. 

The organic EL device according to the j"™,^ ^ an , nor ganlc semiconductor, there 
That to. since the carrier moblity to hjhjnd the mMn J^^^e -strode, before they am mcorn- 
la a high probability of caualng the electrons ■" d ^'"„^™J^ nfl the organic EL device according to 

a lad with each other. On the other hand in the organk ,m* ^ ^ fc ^ 

thTpresent Invention, the carrier mobllt, r fa ^ "JJ^Eff J orgtnie f Urn. at a high density. La. 
•lacZomand positive holes are * ^I^o^« a^^ntod^ flowing to th. corresponding 
since space-charge layers are formed the J£ J recomblned in the organic film In 

opposite electrode. For this mason, the electros and hc^es are s y Wnatjon e fficlency. 

„ trSmg.cn where the f^^^^t^V^^ ™* " A ' " M » * 

,„ the conventional ^^.^S^. if the metal to left In air for a long period* 
the first electrode. However, such a i ^^SSSmmVtm electrode Is oxidized, thereby shortening he 
Um e. a current does not flow through aborning to the present invention, when the 

life time of the device. To the contrary. In the °^J^*mc* ^ ■ satisfied, a material having a 

» numtr of iayem of th. organtofim to. ricreased ^TSTfM and • metal having a high 
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on the second electrode side, the barrier against electron injection between organic films present from this 
organic film to the second electrode is very low or may be absent In other words, the conduction band level 
(electron affinity) of the organic film on the second electrode side may be high. For example, the band gap of 
this organic f 1m may be narrower than that of the organic flm serving as the light-emitting layer. Similarly if 
5 a relatively high barrier against positive injection is present between the organic film serving as the light- 
emitting layer and the organic film adjacent thereto on the first electrode side, the barrier against hole injection 
between organic f Ims present from this organic f fen to the first electrode can be very low or need not be pres- 
ent In other words, the valence band level (ionization potential) of the organic f im on the first electrode side 
may be low. For example, the band gap of this organic film may be narrower than that of the organic film sarv- 
io ing as the light-emitting layer. 

This indicates that a material having a narrow band gap can be selected as the feat organic film having 
the strongest acceptor characteristic and adjacent to the first electrode and as the nth organic film having the 
strongest donor characteristic and adjacent to the second electrode. As described above, since the carrier mo- 
bttfty is low and carriers are stored in the organic f Urn constituting the organic EL device according to the present 
ts invention so as to form space-charge layers, the electrons and the holes are selectively recombined in the 
organic film in the region where the space-charge layers of the electrons and holes overlap each other. Even 
if the band gap of the first organic film Is narrowed, recombination does not occur because the holes are not 
present in the valence band of the first organic flm. The electrons are injected in a predetermined light-emitting 
layer. Similarly, even If the band gap of the nth organic layer is narrowed, recombination does not occur be- 
20 cause the electrons are not present in the conduction band of the nth layer. The holes are injected In a pre- 
determined light-emitting layer. To the contrary. In an Inorganic semiconductor, the carrier distribution is dose 
to an equilibrium state, and recombination between the electrons and holes occurs In a region having the nar- 
rowest band gap. Therefore. It Is difficult to employ above-mentioned arrangement 

It ia generally difficult to Increase the band gap in a strong acceptor or donor molecule. As described above. 
2B when the band gaps of the first organic layer and the nth organic layer of the organic film can be narrowed 
the range of material selection can be widened, and a material which can be easily synthesized can be used. 
<s As described above, in the organic EL device which satisfies conditions (1) to (4), the electrical charac- 
- to "8tics of the organic flm serving as the tight-emitting layer are similar to those of the organic film which forms 
" a Juncdon therewith, and the Junction barrier therebetween is low. For this reason, the carrier injection rate 
30 (k,^) la much higher than the intermolecular recombination rate (kcr) (k* » I<ct). As a result since carriers 
cen be eaaly injected by e thermal excitation process or the like, the Injection/recombination efficiency of the 
._ electrons and holes In the light-emitting flm la remarkably improved. Desired emission corresponding to the 
band gap of the light-emitting film can be obtained, and at the same time a light-emitting device having a high 
luminance and a high efficiency can be realized. 
3« Whan the band gap of the light-emitting film is set narrower than those of the organic film for electron 
injection and the organic film for hole injection which are directly forming junctions with the light-emitting film, 
and further a barrier height against hole injection between the light-emitting flm and the organic film for elec- 
tron Injection and a barrier height against electron Injection between the light-emitting flm and the organic flm 
for hole Injection are set to exceed 0.6 eV. the light-emitting film ia specified to Improve the recombination ef- 
f wtency of the electrons and holes. The following conditions are defined in addition to conditions (1 ) to (4): 

Ecu - Ec*-, >0.6eV (5) 
Evi,. i - Evk>0.6eV (6) 
Although the electrons injected Into the light-emitting film tend to escape from the light-emitting flm to the 
hole injection flm. they are blocked due to the presence of the barrier against electron injection at the interface 
between the light-emitting film end the hole injection flm. In addition, although the holes injected In the light- 
emitting film tend to escape from the light-emitting film to the electron injection film, they are blocked due to 
the presence of the barrier against hole injection at the interface between the light-emitting flm and the elec- 
tron injection flm As a result the electrons and the positive holes are confined in the light-emitting film and 
are highly efficiently recombined with each other. 

In the present invention, it may be difficult to select molecules constituting the respective organic layers 
which satisfy conditions (1) to (4). In this case, it is affective to synthesize organic molecules as a result of 
combination of two different basic skeletons. The basic skeleton is a main molecular skeleton which dominates 
electron or hole injection property. 

Assume three electron injection organic films. I.e.. an (m-1)th flm. an mth film, and an (m*1)th film. Of 
these f Ims. ths (m-1)th and (mH)th f Ims have different basic skeletons, each having electron injection prop- 
erty. Assume that a barrier height against electron Injection exceeds 0.6 eV when the (m-1)th and (m*1)th 
f ims directly form a junction. In this case, as a molecule constituting the mth organic film, a molecule ia syn- 
thesized to simultaneously have the basic skeleton of the molecule consisting the (m-1)th organic film and 
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the basic skeleton of the molecule constituting the (m*1>th organic film. When these three different organic 
molecules are used, the conduction band level of the mth organic f Urn which determines the electron injection 
characteristic can be set at a level between the (n>1)th organic film and the (m+1)th organic f 1m. As a result 
each of the barrier height against electron injection between the (m-1)th film and the mth f Hm and the barrier 
height against election injection between the mth film and the (m+1)th film can be set to be 0.6 eV or less. 
The same technique as described above applies to the hole injection films. 

This method wil be described in more detal below. Basic skeletons having electron injection characteris- 
tics are exemplified in an order from a weaker electron injection characteristic Le.. in an order from a smaller 
difference between the conduction band and the vacuum level: 

Pentacenetetoron (C11). diphenylnaphthalene totracarboxyimlde (C12). alloxazlne (C13). perllene telra- 
carboxyimide (C14), p-vinylcyanoalkyl ester (CI 5), cyanuic acid (C16). N-phenylnaphthalene dtearboxylmlde 
C?mX«)nal vinytcyanoalkyl ester (C18). PY (C19). OXD (C20). BOX (C21). OX (C22). and HPB (C23). 

Two of the skeletons having electron Injection characteristics are selected. A molecule having one skeleton 
having a strong elector injection characteristic Is used for the (m-1)th organicfllm, a molecule having the other 
having a weak election Injection characteristic is used for the (m*1 )th organic film, and a molecule having both 
the skeletons is used for the mth organic f Urn, thereby designing the organic f Urns satisfying condition (2). 

Basks skeletons having hole injection characteristics are exemplified in an order from a weaker hole injec- 
tion characteristic, he., in an order from a smaller difference between the valence band and the vacuum level: 
BOX (C21). OX (C22), HPB (C23), PCP, triphenylmethane (C24), tetraphenylmethane (C25), teliaphenyl- 
butadiene (C26), (C27), TPA(C28). dlalkylphenylamlne (C29), and qutoacridone (C30). 

Two of the skeletons having hole Injection characteristics are selected. A molecule having one skeleton 
having a weak hole Injection characteristic Is used for the (m-1)th organic film, a molecule having the other 
skeleton having a strong hole Injection characteristic Is used tor the (m*1 )th organic f Im. and a molecule having 
both the skeletons Is used for the mth organic film, thereby designing the organic films satisfying condition 
(4). 
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(R : alkyl) 



In order to combine two different basic skeletons, carbon atoms of the two different basic skeletons am 
directly combined with each other. Alternatively, the two different basic skeletons are combined through -CIV 
-O-. -S-, a benzene ring, a thtophene ring, or a pyrazine ring. 

In addition to the combination of one type of basic skeleton and tha other type of basic skeleton, two or 
more skeletons may be used with respect to at least one type of them. Since the organic EL device Is a currant 
Injection device. It la Important to eliminate electrical defects. Therefore, homogeneous organic f Ims with high- 
er thermal stability are required. For this purpose, It Is effective to utilize amorphous organic molecules with 
a high molecular volume, which can be synthesized by, for example, combination of three basic skeletons at 
the 1-, 3-, and 5-positlons of benzene moiety. According to this method, an amorphous organic flm tends to 
be formed, and electrical defects caused by crystallization can be prevented. 

In addition to the above method*, aa a method of lowering the barrier against electron or hole injection 
between the two adjacent organic f lima, two different organic molecule* constituting these two adjacent or- 
ganic flms may have Identical basic skeletons, one of which has a substituent group for increasing electron 
or positive hole injection level. Examples of the substituent group for increasing the electron injection charac- 
teristic are -CN. -CF 3 , -F. and -Cf . Example* of the substituent group for increasing the hole injection charac- 
teristic are -NR a (wherein R la an alkyl group) and -OR (wherein R la an alkyl group). By changing the numbers 
of substituent groups atepwfss in unite of organic films, tha valence or conduction band level can be changed 
stepwise. 

In the organic EL device according to the present Invention, a carrier mobility ^ in the light-emitting layer 
and a carrier mobility uea. In the carrier injection layer preferably satisfy the following condition: 

Mca/Mun. * 10* 

In addition, the carrier moblfty i**. In the carrier injection layer preferably exceeds 1 0-a cm* A/ sac The carrier 
moblity in the organic film can be generally measured in accordance with a TOF (Time Of Right) method 

The light-emitting layer (LEL) herein indicates an area In which electrons and holes which are injected di- 
rectly from an electrode or through a carrier injection layer are recombined to emit light The carrier Injection 
ayere (CIL) are classified Into an electron injection layer (EIL) and a hole Injection layer (HIL). The electron 
injection layer indicates an area formed between the first electrode and the light-emitting layer, which may con- 
sist of a single organic film or a plurality of organic films, to receive the electrons from the first electrode and 
Inject the electrons to the light-emitting layer. Tha hole injection layer Indicates an area formed between the 
second electrode and the light-emitting layer, which may consists of a single organic film or a plurality of organic 
f ima. to receive tha holes from the second electrode and inject the holes to tha light-emitting layer 

The general structure of an organic EL device according to the present invention from this view point is 
shown in Fig. 21 . The organic EL device in F|g. 21 comprises a first eiectode for electron injection 16. an elec- 
tron injection layer (EIL) 15. a light-emitting layer (LEL) 14. a hole injection layer (HIL) 13. a second electroda 
12 for hole Injection, and a glass substrata 11. when viewed from the top. Light is detected on the side of the 
glass substrata 11. 

There may be proposed a two-layered structure consisting of a light-emitting layer and an electron injection 
layer, era two-layered structure consisting of a light-emitting layer and a hole injection layer. In an organic EL 
device having such a two-layered structure or an organic ELdevic* having a three-layered structure consisting 
of a single hole injection layer, a light-emitting layer and a single electron injection layer, at least an interface 
of an organic layer and an electrode with a higher injection barrier is made such an interface structure that 
carriere can be tunnel-injected due to the decrease in a barrier thickness when a voltage la applied, aa men- 
tioned above. In addition, whan emission wavelengths of R, G, and B components are to be freely designed, 
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the band gaps of the organic films must cover the range of about 3.0 to 3.5 eV at maximum. To inject electrons 
and holes in the organic f Ims having band gaps falling within ths above range, it is preferable that the first 
electrode must have as a low work function as possible, and that the second electrode preferably must have 
as a high work function as possible. 

The operation of the organic EL device shown in Fig. 21 will be briefly described with reference to Figs. 
22 to 24. Fig. 22 shows junction states of the organic EL device shown In Fig. 21. and Fig. 23 shows a state 
in which a negative voltage is applied to the first electrode. At this time, the elections are Injected from the 
first electrode to the electron injection layer. Since the mobUity of the electrons is high in the electron injection 
layer the electrons immediately reach the light-emitting layer. Meanwhie. the holes are Injected from the sec- 
ond electrode to the hole Injection layer. Since the mobiity of the holes is high in the hole Injection layer, the 
holes immediately reach the light-emitting layer. When a higher voltage to applied to the device, as shown in 
Fig 24 the electrons are stored to form a space-charge layer having a high electron density, and similarly the 
holes are stored to form a space-charge layer having a high hole density. Recombination occurs between the 
electrons and the holes in the space-charge layers formed in the light-emitting layer, thereby emitting light from 
the organic film. Therefore, to improve the recombination efficiency between the electrons and the holes. I.e., 
to Improve the luminous efficiency, the electrons and the holes are preferably confined In the light-emitting 
layer for a long period of time as posstole. 

If the carrier residence time in the light-emitting layer is defined as tlb. and the carrier residence time m 
the carrier Injection layer is defined as tol. the following condition is established: 

TtEL » "rot 

so that the recombination efficiency is Improved. Since t - d/pE (where d Is the film thickness and E Is the 
electric field strength), the above condition can be rewritten as follows: 

die/Mis. ** dcn/Pcn. 

To Increase tua.. the fim thickness may be increased. However, in an organic EL device, when the fim 
thickness d is Increased, a drive voltage for obtaining an effective electric field strength to greatly increased, 
resulting Inan Impractical application. The thickness d to generally set to be about 1(H cm. According to the 
present Invention, when ma. < Mat/10 4 , condition t ul > 1 0Mau to established, and the recombination efficiency 
can be Improved. 

Assume that mow to set to be less than 10-* cmW sec Since the electric field strength E applied to the 
device is 10« V/cm, the carrier residence time tea. to estimated to be about 10-* sec. In the organic EL device 
according to the present Invention, condition tta. > 10* t cl t Is established, the carrier residence time Is 10-» 
sec or more. On the other hand, the carrier recombination rate In the organic fim to generally on the order of 
10-« sec. Therefore, if the carrier residence time ilel for which the carriers exist In the light-emitting layer to 
1 (H sec or more, a time required by carrier recombination to sufficiently assured. The recombination probablity 
can be increased because the electrone and holes exist in the light-emitting layer at a high density, and the 
luminous efficiency can be increaeed. As a result the thickness of the light-emitting layer can be reduced. In 
this case, since the device resistance is proportional to a reciprocal of the carrier mobility, the device resis- 
tance of at least the carrier Injection layer can be reduced, thereby reducing the drive voltage. 

To realize such sn organic EL device, the mobility of the electrons and the holes in the respective organic 
f Ims constituting the device can be controlled. Various types of device structures can be proposed In accor- 
dance with different control techniques: 

(A) s device structure In which a single organic compound is used to set e light-emitting layer aa a region 
having an amorphous structure and a carrier injection layer as a region having a crystalline structure, by u«- 
izmg the characteristic that the carrier mobility in an organic fim to high In the crystalline structure and is low 
in the amorphous structure: (B) a device structure in which different types of organic films having different 
carrier mobilities are stacked: and (C) a device structure in which a light-emitting layer has a band with a con- 
tinuous potential well structure. 

An organic EL device having the device structure (A) wll be described m detail below. To manufacture the 
organic EL device having this device structure, only one type of organic compound to used, and deposition 
conditions are controlled so that an organic film having a crystalline structure, sn organic fim (llght-emitUng 
layer) having an amorphous structure, and an organic fim having a crystalline structure are sequentially 
stacked. The carrier mobilities of the organic films measured by the TOF method are 10-«° to 10-* cmWsec 
for the organic film having the amorphous structure, and 10-» to 10* cmWsec for the organic fim having the 
crystalline structure. When sn appropriate material is selected to obtain the above structure, the above con- 
ditions are satisfied. _^ , _ 

An organic EL device having the device structure (B) wll be described In detal below. This organic EL 
device haa a multilayered structure In which first to nth organic films are sandwiched between e first electrode 
for electron injection and a second electrode for hole Injection from the first electrode slds. In this device, a 
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plurality of organic materials having different carrier mobilities are used. Assume that the mth organic f im 
serves as a light-emitting layer. If the electron mobility of the tth organic f ilm is defined as ui, and the hole 
mobiity of this film is defined as y\ condition uVh*. > 10« (i - 1 to m-1) is established for the election mobility 
and condition nVu h . > 10* (i » n to m+1) is established for the hole mobiity. 

Fig. 25 shows junction states of this organic EL device. The operation of this organic EL device will be de- 
scribed with reference to Fig. 26. A negative voltage is applied to a first electrode M,. Electrons are sequentially 
injected from the first electrode M, to a first organic film O, and a second organic film O* and then an mth 
organic flm O*. Since the electron mobility in the mth organic film O. is low. the electrons are stored in the 
mth organic film O w thereby forming a space-charge layer having a high electron density. On the other hand, 
holes are sequentially injected from a second electrode M, to an nth organic film O,, an (rv1)th organic flm 
O,. „ and then the mth organic f im <V Since the hole mobility in the mth organic flm O. is low, the holes 
are stored in the mth organic f Bm O,, thereby forming a space-charge layer having a high hole density. Re- 
combination occurs between the space-charge layers of ths electrons and holes, which are formed In the mth 
organic flm O., thereby emitting light That Is. the electrons and the holes which are injected in the mth organic 
ra flm O. have s higher rate of recombining than the rate of transferring the electrons and the holes to the ad- 
jacent layers, thereby increasing the luminous efficiency. 

In addition, in the organic EL device having the device structure (B), If the carrier injection layer is consti- 
tuted by the organic film having the crystalline structure eo as to increase the carrier mobility, the device re- 
sistance can be reduced, thereby reducing the drive voltage. 

An organic EL device having the structure (C) will be described in detal. In this organic EL device, a light- 
emitting layer (an mth layer) In the organic EL device, for example, shown in Fig. 25 Is constituted by a multi- 
layered structure In which two different organic f Urns m, and m, are alternately stacked on each other. If the 
band gape of these two different organic films are defined as E,*, and E^ and energy differences of the 
valence and conduction bands from the vacuum level are defined as E v .„ Ec*,. E Vm2 , and E^. the following 
28 conditions are established: 

Ec»i > Ec«2 
Evml < Eyn3 

The following conditions are preferably established: 
30 - Ec« - E^S 0.4 eV 

Evm - Evm,S0.4eV 

Fig. 27 shows the junction states of the light-emitting layer of thia organic EL device. The. principle of op- 
eration of this device wll be described with reference to Fig. 28. When the two different organic f lima m, and 
mj are alternately stacked, the valence and conduction bands serve ae a band structure In which shalow pe- 
as tential wells are continuous. Ae In Fig. 26. when the electron, are injected from a first electrode (not shown) 
to the organic film m, through first to (m-1)th organic firm (not shown), the electrons are stored at a given 
density in front of the barrier due to the presence of a low barrier against electron injection between the organic 
flm m, and the adjacent organic film re* When an electrical field enough to Increase the storage density to 
allow the electrons to move over the barrier la applied, the electrons are injected in the organic f ikn m. The 
«o electrons injected In the organic flm m a are dlrectty Injected in the next organic f 8m m, because no barrier is 
formed between this organic flm ma and the adjacent organic film m„ thereby storing the electrons again In 
this manner, storage sequentially occurs at each of the continuously farmed barriers. A space-charge layer of 
the electrons is formed aa a whole. On the other hand, when the holes are injected from a second electrode 
(not shown) to the organic film m, through nth to (mH)th organic filma (not shown), ths positive holes are 
stored at a given density in front of the barrier due to the presence of s low barrier against hole injection be- 
tween the organic film m, and the adjacent organic film m* When an electric field enough to increase the stor- 
age density to cause the holes to move over the barrier, the holes are injected in the organic film nv. The 
holes injected in the organic film rib are dlrectty injected in the next organic flm m, due to the absence of the 
barrier between the organic film m, and the adjacent organic film m,, thereby storing the holes again. In thia 
manner, storage sequentially occurs at the continuously formed barriers. A space-charge layer of the holes is 
formed as a whole. The space-charge layers of the electrons and the notes overlap each other in the organic 
flm m„ thereby causing recombination and emission. At this time, the emission wavelength corresponds to 
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Since the low barriers are continuously formed in the light-emitting layer of this organic EL device the 
apparent carrier mobility is reduced, and the space-charge layers are formed to effectively recombfne the car- 
riers. The carrier mobilities of the two different organic films m t and m, need not be low, and films having high 
carrier mobilities may be used. 

In the organic EL device, a method of measuring the magnitudes of energy levels at each junction interface 
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is required to select materials satisfying the above conditions. This method is a displacement current method 
or an ultraviolet electron spectroscopy to be described below. 

Figs. 29A and 29B are a sectional view of a device used in the displacement current method and a wave- 
form chart of a voltage applied thereto, respectively. In this displacement current method, a device consisting 
of metal electrode 21/silcon 22/silicon oxide f Im 23/organic flm 24/metal electrode 25 is formed, and a trian- 
gular wave voltage is applied to this device. A displacement current of this element at this time Is measured. 
If the capacitance of the device Is given as C, the displacement current is represented as I - CdV/dt If the 
organic flm 24 is omitted from the above device structure, the device serves as a known MOS device, and 
its capacitance is determined by the silicon oxide flm 23. To the contrary, in the presence of the organic flm 
24, the following displacement current is observed In accordance with comparison between the Fermi level 
of the organic film 24 and the work function of the metal electrode 25. The work fonction of the metal electrode 
25 is given as E» the conduction band level of the organic film 24 is given as Ec, and the valence band level 
is given as EV. 

(a) Em - Mc>0.6eVandE v - Em>0.6oV 

In this case, the junction between the metal electrode 25 and the organic film 24 has a high barrier against 
both the electrons and the holes. Since the organic film 24 Is regarded as an insulating film, the device ca- 
pacitance is a series capacitance of the silicon oxide flm 23 and the organic flm 24 and has a constant value 
smaller than that of the MOS device. Therefore, the displacement current obtained upon application of a tri- 
angular wave voltage is a small constant value regardless of the magnitude of the voltage, as shown in Fig. 
30. 

(b) E M - Ec s 0.6 eV and E v - E M >0.6eV 

In this case, the metal electrode 25 and the organic flm 24 form a Junction through which the electrons 
can be easily Injected from the metal electrode 25 to the organic flm 24. When the triangular wave voltage is 
applied to the device, the electrons are injected from the metal electrode 25 to the organic film 24 while the 
metal electrode 25 is set negative. These electrons are stored at the interface between the organic flm 24 
and the silicon oxide film 23. In this state, the device capacitance has a value determined by the silicon oxide 
flm 23, and the displacement current is increased to the level of the MOS device. On the other hand, when 
the metal electrode 25 is set positive, the electrons In the organic film 24 flow into the metal electrode 25, and 
the displacement current is reduced to a small value almost equal to that obtained when the organic film 24 
is regarded as an insulator. At this time, if a voltage to causa electron injection is given as V th1 and a flat band 
potential is given as V ra , a voltage V thi0f9 applied to the organic film Is defined as follows: 

v th ^, - VtMKWCCo, ♦ Go^RVtM - v FB ) 
(where ie the capacitance of the organic film 24, and C«c Is the capacitance of the siioon oxide film 23). 
In this case, V tMl9 approximately corresponds to the barrier height (Em - Ec) against the electron Injection from 
the metal electrode 25 to the organic film 24. If E M is known, Ec can be obtained by measuring V th1 and V Ft . 
In addition, if Ec is obtained, the band gap of the organic film 24 can be measured by optical measurement, 
thereby obtaining E v . 

(c) E M - Ec > 0.6 eV and E v - Em s 0.6 eV 

In this case, the metal electrode 25 and the organic flm 24 form a Junction through which the holes can 
be easily injected from the metal electrode 25 to the organic flm 24. When t he triangular wave voltage is applied 
such that the metal electrode 25 is set positive, the holes are Injected from the metal electrode 25 to the organic 
flm 24. These holes are stored at the Interface between the organic film 24 and the slicon oxide film 23. In 
this state, the device capacitance has a value determined by the slicon oxide film 23. As shown in Fig. 32, 
the displacement current is Increased to the level of the MOS device. On the other hand, when the metal eleo- 
trode 25 is set negative, the holes in the organic film 24 flow into the metal electrode 25, and the displacement 
current is decreased to a value equal to that obtained when the organic flm 24 Is regarded as an insulator. At 
this time, EV is obtained by measuring a voltage to cause hole injection V tha and Vf*. Ec can also be obtained 
by measuring the band gap of the organic flm 24. 

Whether the junction barrier height at the interface between the organic films is not more than 0.6 ev or 
not can be examined by the displacement current method. In this case, as shown In Fig. 33, a device structure 
of metal electrode/slicon/slicon oxide flm/organlc film (ll)/organlc flm (lytaetal electrode is employed. When 
a triangular wave vdtage to supplied to the device In the same manner as described above, different waveforms 
are observed depending on the Junction barrier at the Interface between the organic film (I) and the organic 
flm (II). For the sake of descriptive simplicity, assume that the organic film (I) and the organic flm (II) are or- 
ganic films having electron Injection characteristics, respectively. 

When the Junction barrier at the interface between the organic flm (I) and the organic f flm (U) exceeds 
0.6 eV, electron injection can hardly occur from the organic film (I) to the organic film (II). The resultant dis- 
placement current waveform is represented by a broken line in Fig. 34, and the current Increases with a neg- 

22 



EP 0 553 950 A2 



ative voltage (V tM ) at which electron injection occurs from the metal electrode to the organic f im (I). However, 
the current intensity does not reach the MOS device level but becomes constant at an intermediate level. 

When the junction barrier at the interface between the organic film (I) and the organic f im (II) is 0.6 eV 
or less, electron injection occurs from the organic film (I) to the organic f im (II). The resultant displacement 
current waveform is indicated by the solid line in Fig. 34. The current increases with a negative voltage (V th1 ) 
at which electron injection from the metal electrode to the organic f Bm (I) occurs. In addition, the current further 
increases with a negative voltage (V th2 ) at which electron injection from the organic film (I) to the organic f im 
(II) occurs. Therefore, the current intensity reaches the MOS device level. 

The barrier against hole injection can be simiarly examined. 

According to the ultraviolet electron spectroscopy, an organic f im is deposited on a metal substrate such 
as a copper, gold, or stainless substrate to a thickness of about 100 nm to obtain a sample. A hydrogen dis- 
charge tube is used as a light source. Light from the light source is spectroscopicaly analyzed by the vacuum 
ultraviolet spectroscopy. The sample is irradiated with a many-line spectrum of hydrogen in the wavelength 
range of 120 to 200 nm, i.e., the energy range of 6 to 10 eV. At this time, photons emitted from the sample on 
the substrate are received by a spherical electrode, the inner surface of which is coated with graphite or gold. 
As a result, the valence band level E v of the organic film with reference to the vacuum level can be obtained. 
When E v is obtained, the band gap of the organic fflm is measured by optical measurement, thereby obtaining 
the conduction band level Ec. 

Examples 

Examples of the present Invention wll be described below. 
Comparative Example 1 

An organic EL device is obtained by the following method. An ITO film (second electrode) having a sheet 
- resistance of 10 n/cm 2 is formed on a glass substrate by a sputtering method. An organic coloring material 
represented by (C31) Is deposited at a rate of 0.5 nm/sec by a vacuum sublimation method, using a vacuum 
«. deposition apparatus in which a substrate temperature was kept at 20°C and a degree of vacuum is about 1 0-* 
c.Torr. thereby forming a second organic film having a film thickness of 100 nm. Under the same conditions ae 
described above, an organic coloring material represented by (C32) is deposited by the vacuum sublimation 
method to form a first organic f Im having a f Imjthlckness of 100 nm. An At f Im (first electrode) having a f Im 
thickness of 100 nm is formed by the vacuum deposition method. Note that the second organic film and the 
first organic film which are formed under the above conditions have amorphous structures. 




(C31) 



(C32) 



Energy differences of the respective layers constituting this device with respect to the vacuum level are 
confirmed as follows: 

Em, ■ 4.8 eV 
23 
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Ev2 3 5.0 eV, Eca = 15eV 
Evi * 5.5 eV, Ect = 2.0 eV 
Emi * 3.2 eV 

When a bias to applied to this device such that the second electrode (ITO electrode) is positive, a current 
5 density of 100 mA/cm 2 and emission having a luminance of 1 ,000 cd/m 2 are obtained at a voltage of 20 V. At 
this time, the emission wavelength is 470 nm which corresponds to the band gap of the first organic f Im. 

Example 1 

10 Under the same conditions as in Comparative Example 1, i.e., at a substrate temperature of 20°C and a 
degree of vacuum of about 10-* Tor r, the organic coloring material represented by (C31) is deposited at a rate 
of 0.5 nm/sec by the vacuum sublimation method to form a 80-nm thick second organic film. This second or- 
ganic film has an amorphous structure. The substrate temperature is increased to 50°C, and the organic col- 
oring material represented by (C32) is deposited at a rate of 0.02 nm/sec to form a 20-nm thick first organic 

15 f Bm. This first organic f im is observed with a scanning electron microscope and is found to have a polycrys- 
tailine structure in which grains each having a diameter of about 20 nm are aggregated. When a first electrode 
is formed on the first organic film, the metal is filed like a f lament in the first organic fim to a depth of about 
20 nm, thereby forming a field emission electrode. Thus, the organic EL device shown In Fig. 7 Is manufactured. 
When a bias la applied to the resultant device such that the ITO electrode is positive, a current density of 

20 100 mA/cm 2 and emission having a luminance of 1 ,000 cd/m 2 are obtained at a voltage of 1 5 V lower than that 
In Comparative Example 1. The emission wavelength la 470 nm, and a blue emission device can be realized. 

Example 2 

2d Under the same conditions as in Comparative Example 1, i.e., at a substrate temperature of 20°C and a 
degree of vacuum of about 10^ Torr, a second organic film having a film thickness of 80 nm is formed at a 
rate of 0.5 nm/sec. A 20-nm thick first organic film is formed on the second organic film, and a 20-nm thick 
insulating or semiconductive Inorganic oxide (e.g., At 2 O s or MgO) le formed on the amorphous first organic 
fim. When a first electrode is formed on the inorganic oxide, the metal is filled Ike a filament In the Inorganic 

30 oxide to form a field emission electrode. 

When a bias is applied to the resultant device such that the ITO electrode is positive, emission having a 
luminance of 4,000 cd/m 2 is obtained at a current density of 100 mA/cm 3 and a voltage of 15 V lower than that 
in Comparative Example 1. The emission wavelength ie 470 nm, and a blue emission device can be realized. 

30 Example 3 

A second organic film is formed under the same conditions as In Comparative Example 1, and a first or- 
ganic f Urn is formed on the second organic fim. A photoresist is formed on the first organic fim to a fim thick- 
ness of 50 nm by a spin coating method and is exposed using a photomask having a dot pattern consisting of 
40 dots having a pitch of 15 nm and each having a diameter of 5 nm and developed, thereby forming pin holes 
each having a diameter of 5 nm In the photoresist When a first electrode is deposited on the resultant resist 
pattern, the metal is filled like a filament having a diameter of 5 fm in the first organic film. 

When a bias is applied to the resultant device such that the ITO electrode is positive, emission having a 
luminance of 1 .000 cd/m 2 is obtained at a current density of 1 00 mA/cm 2 and a voltage of 1 0 V lower than that 
46 in Example 2. The emission wavelength is 470 nm, and a blue emission device can be realized. 

Comparative Example 2 

An organic EL device is obtained by the following method. An ITO film (second electrode) having a sheet 
so resistance of 10 n/cm 2 is formed on a glass substrate by a sputtering method. An organic coloring material 
represented by (C33) is deposited at a rate of 0.5 nm/sec by a vacuum sublimation method, using a vacuum 
deposition apparatus in which a degree of vacuum is about 10-* Torr, thereby forming a second organic fim 
having a film thickness of 1 00 nm. Under the same conditions as described above, an organic coloring material 
represented by (C34) Is deposited by the vacuum sublimation method to form a first organic film having a fim 
55 thickness of 100 nm. An Mg film (first electrode) having a film thickness of 1 00 nm is formed by the vacuum 
deposition method. 
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Energy differences of the respective layers constituting this device with respect to the vacuum level are 
cpnf irmed as follows: 

m 4.8 eV 
Eva - 6.5 eV # Eca - 3.5 eV 
E V1 - 7.5 eV, Eci = 4.0 eV 
Em, - 4.8 eV 

When a bias is applied to this device such that the second electrode (ITO electrode) is positive, a current 
density of 100 mA/cm* and emission having a luminance of 1,000 cdAn* are obtained at a voltage of 50 V At 
this time, the amission wavelength is 470 nm which corresponds to the band gap of the second organic film. 

Example 4 

Following the same procedures as In Comparative Example 2. an ITO film (second electrode) having a 
sheet resistance of 10n/cm* is formed on a glass substrate by a sputtering method. This substrate is dipped 
in 10 wt% HCf solution for one minute to etch the surface of the substrate, thereby forming projections each 
having a height of about 100 nm and hence forming a field emission electrode. Thereafter, a 100-nm thick sec- 
ond organic film (C33). a 100-nm thick first organic f Im (C34). and a 1 00-nm thick Mg flm (first electrode) are 
sequentially formed following the same procedures as in Comparative Example 2, thereby manufacture the 
organic EL device shown In Fig. 10. 

When a bias is applied to this device such that the second electrode (ITO electrode) is positive, a current 
density of 100 mA/cm* and emission having a luminance of 1 .000 cd/n* are obtained at a voltage of 15 V lower 
than that of Comparative Example 2. At this time, the emission wavelength is 470 nm which corresponds to 
the band gap of ths second organic f ihn. 

55 Example 5 



An organic EL device is manufactured by the following method. An ITO film (second electrode) having a 
sheet resistance of 10 ft/cm* Is formed to a thickness of 200 nm by a sputtering method on a glass substrate 
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(NA40 avalaUe from HOYA) which does not contain an alkali component Since the ITO f ilm haa a polycrys- 
taUine structure and projections each having a height of about 20 to 30 nm. it can serve as a field emission 
electrode without any treatment However, in order to Improve the function of the field emission electrode, the 
ITO film is electrochemically dissolved. More specifically, an AC power supply is connected between the ITO 
f Im and a Pt electrode serving as a counters! ectrode . and the resultant structure Is dipped In an electrolytic 
solution When a current is supplied to this structure, the ITO film is electrochemically etched. As a result the 
height of each projection is increased to about 50 nm, thereby obtaining a good field emission electrode. 

Organic molecules (PPCP) represented by (C1) are deposited at a high rate of 0.1 nm/sec by a vacuum 
deposition method while the substrate temperature is kept at 15-C and a degree of vacuum is set to be about 
10-« Torr to form a 100-nm thick second organic film. Subsequently, organic molecules (BBOT) represented 
by (C7) are deposited at a high deposition rate of 1.0 nm/sec by the vacuum deposition method. When the 
flm thickness reaches 100 nm. the deposition rate is decreased to 0.01 nm/sec and the organic molecules 
(BBOT) are additionally deposited to a thickness of 50 nm, thereby forming a first organic film. When the de- 
position rate is high, the flat organic film having an amorphous structure is formed. On the other hand, when 
the deposition rate is decreased, the organic film having a polycrystalline structure is formed. A 100-nm thick 
Mg-Ag film (first electrode) is formed on the first organic film by an EB deposition method, thereby forming 
an electrode in which the metal is filled like a filament in the organic film. 

In the resultant organic Et device, when the valence band levels of the first and second organic f ims 4 
and 3 are given as E V1 and Ey* condition E V1 - Eva * 0.6 eV is confirmed to be satisfied in accordance with 
the displacement current method. 

When a bias voltage Is applied to this device such that the second electrode (ITO electrode) ie positive, 
a current density of 100 mA/cm* and emission having a luminance of 2.000 cd/m* are obtained at a voltage of 
15 V. thereby achieving blue emission. At this time, the emission peak wavelength Is 477 nm which corre- 
sponds to the band gap of the second organic film when the Stokes shift is taken into consideration. 

Examples 6-24 

Organic EL devices of Examples 6 to 24 are manufactured following the same procedures aa In Example 
5 except that a substrate temperature is set to be 10 to 30°C. a degree of vacuum is set to be 1 0-« Torr or less, 
end organic molecules shown In TeWe 2 are deposited to form first end second organic f lima. Organic films 
marked with <§) serve as organic films constituting light-emitting leyere In TeWe 2. 



26 



c 



o 



EF0 553 950 A2 



Table 2 



6 


Example 


a First 
Organic 
Film 


Second 

Organic 
Film 


peak wave- 

lenqtn (nm) 




6 


OXD-S6 


(2& PPCP 


44 / 


10 


7 


OXD-S1 


(S&ppcp 


44(5 




8 


OXD-F1 


(S) pprp 


AAA 


16 


9 


OXD-7 


(8)pppp 


453 




10 


©BBOT 


pnnn 


>■ ^ *a 
47 3 




11 


<§) OXD-S6 




430 


20 


12 


0XD-S1 




4 37 




13 


OXD-F1 


(31 pnnn 


447 


26 


14 


OXD-7 


(3) PBBO 


4 4 o 
44 o 




15 


© DNIBPC 


pnnn 


4b 3 I 


- 

Si 


16 


©PBBO 


DTAMTWP 


453 ! 




17 


PBBO 


(3>OXD-fl 


A £ O 
4D« 




18 


PBBO 


©PPCP 


448 


36 


19 


©OXD-Sl 


©OXD-7 


371 




20 


©BBOT 


OXD-7 


474 




21 


© DNIBPC 


OXD-7 


460 


40 


22 


© BBOT 


0XD-S1 


476 




23 


© DNIBPC 


OXD-S1 


462 


46 


24 


DNIBPC 


©BBOT 


482 



In these organic EL devices, if the valence band levels of the first and second organic 1 1ms are defined 
as E V i and Ey, and the conduction band levels are defined as Ec, and ^.condition Eyi - Eva * 0.6 eV is con- 
» firmed to be established for Examples 6 to 9 and 16 to 18. and condition Ec, - E<a a 0.6 eV is confirmed to 
be established for Examples 10 to 15 and 19 to 24 according to the displacement current method. 

In each of these devices, when a bias voltage is applied such that the second electrode Is positive, blue 
emission having a luminance of 1000 to 2000 cd/m* under a current density of 100 mA/cm* is obtained from 
at least one of the first snd second organic films at a voltage ranging from 1 0 to 1 5 V. At this time, the emission 
ss peak wavelength falls within the range of 371 to 482 nm. as shown in Table 2 snd corresponds to the band 
gap of the organic f Im serving as the light-emitting layer when the Stokes shift is taken into consideration 
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Comparative Examples 3 - 6 

Organic EL devices of Comparative Examples 3 to 6 are manufactured under the same conditions as in 
Example 5 such that organic molecules shown in Table 3 are deposited to form first and second organic f ims. 
Organic films marked with <§) serve as organic films consttuting light-emitting layers in Table 3. 

Table 3 



Comparative Example 


First Organic Film 


Second Organic Film 


Emission peek wave length 
(nm) 


1 


DNBBPC 


DIAMINE 


616 


2 


BBOT 


DIAMINE 


532 


3 


OXD-S6 


DIAMINE 


505 


4 


OXD-S1 


DIAMINE 


499 



10 



15 



20 



25 



30 



35 



40 



In these organic EL devices, If the valence band levels of the first and second organic f ims are defined 
as E V i and Eva and the conduction band levels are defined as Eci and Eca, neither condition E v « - Eva * 0-6 
eV nor condition E C1 - Eca 5 0.6 eV are confirmed to be satisfied according to the displacement current method. 

In each of these devices, when a bias is applied such that the second electrode is positive, emission speo- 
tra having peak wavelengths respectively shown in Table 3 are observed. In Table 3, organic molecules used 
In the first and second organic films have band gaps of 3.1 eV or more. In other words, emission having a 
wavelength longer than the wavelength determined by the band gap is obtained. Therefore, in each of these 
devices, CT emission to found to occur due to t he CT level formed at the interface between the first and second 
organic films. 

Example 25 

An organic EL device shown In Fig. 35 is manufactured in this Example. This device comprises an At ale©- 
trode (M0 for electron injection, an organic film (O0 consisting of an organic compound represented by (C35) w 
an organic film (Oa) consisting of an organic compound represented by (C36), an organic film (Oj) consisting 
of an organic compound represented by (C37), an organic film (0 4 ) consisting of an organic compound repre- 
sented by (C38), and an ITO electrode (Ma) for hole injection, when viewed from the top. Light Is detected on 
the side of the glass substrate. 

The ITO electrode is formed by a sputtering method and has a sheet resistance of 100/cm 2 . The respective 
organic films are sequentially formed at a degree of vacuum of about 1th 6 Torr in accordance with a vacuum 
sublimation method and have a film thickness of 30 nm. The At electrode Is formed by a vacuum deposition 
method and has a film thickness of 100 nm. 



45 



N N 



N N 



M N 



(C35) 



55 



28 



c 



EP0 553 950 A2 



10 



13 



20 




(C36) 
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The energy dffferencea of the respective layers constituting this device with respect to the vacuum level 
are confirmed to be the following values In accordance with the displacement current method. 



At electrode 


E M , *4.2eV 






Ec(Ea) 


EvdP) 




O, 


3.6 eV 


6.6 eV 


3.0 eV 


O, 


3.1 eV 


6.1 eV 


3.0 eV 


O, 


2.7 eV 


5.7 eV 


3.0 eV 


0 4 


2.2 eV 


5.2 eV 


3.0 eV 


ITO electrode 


EM, -4.8 eV 







The flat band diagram obtained when these layers form injections with each other is shown in Fig. 36 
This device is operated in accordance with the principle shown in Figs. 37 and 38. A bias voltage is applied to 
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The energy differences of the respective layers constituting this device with respect to the vacuum level 
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Cu electrode 


E M r-4.6eV 






Ec(Ea) 


EvdP) 


E« 


Or 


4.3 eV 


6.8 eV 


2.5 eV 


O, 


4.0 eV 


6.5 eV 


2.5 eV 


o. 


3.7 eV 


6.2 eV 


2.5 eV 


O 10 


3.4 eV 


5.9 eV 


2.5 eV 


o„ 


3.1 eV 


5.6 eV 


2.5 eV 




2.8 eV 


5.3 eV 


2.5 eV 


ITO electrode 


Em2 - 4.8 eV 







The flat band diagram obtained when these layers form junctions with each other Is shown in Fig. 42. This 
device is operated In accordance with the principle shown in Fig. 43. 

In this device, since the thickness of the organic flm adjacent to the corresponding electrode is large, 
damage to the organic flm In the light-emitting region during formation of the electrode can be prevented. In 
addition, since the thickness of the organic flm in the llght-emitthg region Is small, the space-charge layers 
of the electrons and the holes can be concentrated in the light-emitting region, thereby improving recombin- 
ation efficiency. 
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<™ In i 1 )" ^ 0V,C6, When 8 bias volta9e i8 applied 8uch that the ,T0 *«*od« is positive, a current density of 
100 mA/cma and emission having a luminance of 500 cd/cm* are obtained at a voltage of 14 V At this time 
!™ wavelength is 550 nm which corresponds to the band gaps of the central organic films. The life 

time of this device is measured to be about 5.000 hours while being operated at a current density of 10 nWcm* 

Example 28 

An organic EL device shown in Fig. 44 is manufactured in this Example. This device comprises an At elec- 
trode (Mi) for electron injection, an organic film (O ia ) consisting of an organic compound represented by (C47) 
an organic film (0 14 ) consisting of an organic compound represented by (C48). an organic film (O ia ) consisting' 

«™ a i hTSI ind repre "" t f d ^ ( ?* 9) ' 8 liaht - 8mittin fl ia ** < L > ""•teting of an organic compound 
represented^ (C50). an organic flm (0 17 ) consisting of an organic compound represented by (C51). an or- 
gantef im (O,.) consisting of an organic compound represented by (C52). and an ITO electrode (M*) for hole 
injection, when viewed from the top. Light is detected on the side of from the glass substrate 

The ITO electrode is formed by a sputtering method and has a sheet resistance of 10 n/cm». The respective 
organic films are sequentially formed at a degree of vacuum of about 10* Torr in accordance with a vacuum 

"?" h0d 8nd taV8 8 f " m th,ckne88 * 30 nm - Th « Af electrode is formed by a vacuum depots 
method and has a flm thickness of 1 00 nm. ™»pusiuon 
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CI 




CI 



CI 



(C51) 



OCH 3 



CH30— (o> \<5)— och 3 



(C52) 



The energy differences of the respective layers constituting thia device with respect to the vacuum level 



are 1 



A? electrode 


E M i-4.2eV 






Ec(Ea) 


EvdP) 


Eg 




3.9 eV 


7.0 eV 


3.1 eV 


0,4 


3.5 eV 


6.7 eV 


3.2 eV 


0,6 


3.1 eV 


6.6 eV 


3.5 eV 


L 


3.0 eV 


5.9 eV 


2.9 eV 


0,T 


2.5 eV 


6.0 eV 


3.5 eV 


o„ 


2.0 eV 


5.4 eV 


3.4 eV 


ITO electrode 


EM2-4.6eV 







The band gap of the light-emitting layer is ths narrowest The three organic films are formed on the Af 
electrode side, and the two organic f ilms are formed on the ITO electrode side. The flat band diagram obtained 
when these layers form Junctions with to each other is shown in Fig. 45. ^ , . , . 

This device is operated In accordance with the principle shown in Figs. 46 snd 47. A bias voltage la applied 
to the device such that the ITO electrode is positive. At this time, the electrons are injected from the Af elec- 
trode to the organic film O,,. The electrons are subsequently injected into the organic films 0„ snd O,, while 



34 



c 



c 



EP 0 553 950 A2 



10 



IS 



forming space-charge layers. At this time, since the harrier against electron injection between the adjacent 
organic f 1ms is low. electron injection can be performed without degrading the efficiency. The electrons in- 
jected in the organic f am 0 15 are injected in the light-emitting layer beyond the low barrier. However since the 
barrier between the light-emitting layer L and the organic film 0 17 is high, the electrons are stored iii the light- 
emitting film L On the other hand, the holes are injected from the ITO electrode to the organic film O u . The 
holes are injected In the organic films 0, 7 while forming a space-charge layer. The holes Injected In the organic 
f ims O ir are injected in the light-emitting layer beyond the low barrier and recombined with the stored elec- 
trons, thereby emitting light 

In this device, when a bias voltage is applied such that the ITO electrode Is positive, emission having a 
luminance of 1 .000 cd/cm* is obtained at a voltage of 5 V and a current density of 30 mA/cm*. At this time the 
emission wavelength is 480 nm which corresponds to the band gap of the light-emitting layer L When this 
device is left in air, the emission luminance is gradually decreased due to oxidation of the electrode In order 
to maintain the initial characteristics of this device, ft must be stored in nitrogen or vacuum. The life time of 
this device Is measured to be about 1.000 hours while being operated at a current density of 10 mAW. 

Example 29 



20 



20 



An organic EL device shown In Fig. 48 is manufactured in this Example. This device comprises an At elec- 
trode (M,) for electron injection, an organlcfilm (O,,) consisting of an organic compound represented by (C53) 
an organic film (Ojo) consisting of an organic compound represented by (C54), an organic film (O,,) consisting 
of an organic compound represented by (C55). a light-emitting layer (L') consisting of an organic compound 
represented by (C56). an organic film (O*) consisting of an organic compound represented by (C57). and an 
ITO electrode (Mrf for hole injection, when viewed from the top. The thickness of the organic film O,, Is 5 nm 
the thickness of each of the organic film 0*. the organic f Im O ai . and the light-emitting layer V is 30 nm, and 
the thickness of the organic flmOa Is 60 nm. 
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The energy differences of the respective layers constituting this device with respect to the vacuum level 
confirmed to be the following values in accordance with the displacement current method. 



At electrode 


E M1 »eV 






Ec(Ea) 


E v (IP) 


Eg 


Oi» 


3.9 eV 


6.4 eV 


2.5 eV 


O20 


3.4 eV 


6.1 eV 


2.7 eV 


Oj, 


3.0 eV 


6.5 eV 


3.5 eV 


L' 


2.6 eV 


5.8 eV 


3.2 eV 


O23 


1.5 eV 


5.4 eV 


3.9 eV 


ITO electrode 


E« = 4.8eV 
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The band gaps of the organic film O,, adjacent to the electron injection At electrode and the organic flm 
°» adjacent thereto are narrower than that of the light-emitting layer. The flat band diagram obtained when 
these layers form junctions with to each other is shown in Fig. 49. 

This device is operated in accordance with the principle shown in Fig. 50. A bias voltage is applied to the 
device such that the ITO electrode is positive. At this time, the electrons are injected from the At electrode to 
the organic film 0 1B . The electrons are subsequently injected into the organic flms 0» and O* while forming 
space-charge layers. At this time, since the barrier against electron injection between the adjacent organic 
flms is low, electron injection can be performed without degrading the efficiency. The electrons injected in 
the organic film O* are injected in the light-emitting layer L" beyond the low barrier. However, since the barrier 
between the light-emitting layer L and the organic f Urn 0» is high, the electrons are stored In the light-emitting 
flm L On the other hand, the holes are injected from the ITO electrode to the organic flm O*. The holes In- 
jected in the organic films O* are injected in the light-emitting layer L* beyond the low barrier and recombined 
with the stored electrons, thereby emitting light 

In this device, when a bias voltage is applied such that the ITO electrode is positive, emission having a 
luminance of 1 .000 cd/cm* is obtained at a voltage of 7 V and a current density of 20 mA/cm*. At this time, the 
"!™* n wavelen « th i8480nm which corresponds to the band gap of the light-emitting layer L\ The life time 
of this device is measured to be about 1.000 hours whle being operated at a current density of 10 mA/cm*. 

Example 30 

*"°^* nlcEL d8vlco anown P<0- «1 * manufactured In this Example. This device comprises an Au elec- 
trode (Mi ) for electron Injection, an organic film (0») consisting of an organic compound represented by (C58) 
an organic film (Oa) consisting of an organic compound represented by (C59). an organic film <0«) consisting 
of an onjanic compound represented by (CSS), an organic film (O*) consisting of an organic compound rep- 
} ' an J f8an J C f " m eon8Wh 9 * an organic compound represented by (C55). a light- 
emitting film (I) consisting of an organic compound represented by (C56). an organic film (O^ consisting of 
!" ^ n ™ P ° tJ !! d re 1 P? 80nted °y K* 7 ). an organic flm <0») consisting of an organic compound repre- 
sented by (C60). and an ITO electrode (Mj) for hole Injection, when viewed from the top. Thie device is obtained 
by adding to the device In Example 29 the organic film O* and the organic film O* on the Au electrode side, 
and the organic flm 0» on the ITO electrode side. The film thickness of each additional organic film is 5 nm 
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(C60) 



The flat band diagram obtained when these layers form junctions with each other is shown in Fig. 52. The 
principle of operation is shown In Fig. 53. 

uJl^t^'"?™ f blM r° l,aae te app,ted 8uch tnat tn8 110 is positive, emission having a 

luminance of 500 cd/cm* is obtained at a voltage of 8 V and a current density of 30 mA/cm*. At this time, the 
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emission wavelength Is 480 ran which corresponds to the band gap of the light-emitting film L\ 

Since the metal (Au) having a high work function is used as the electrode for electron Injection, chemical 
changes in electrode can be prevented to prolong the life time of the device. In practice, even if this device » 
left in air for one or more month, changes in characteristics are not found. The life time of this device is meas- 
ured to be about 10,000 hours while being operated at a current density of 10 mA/cro». 

Comparative Example 7 

Emission having a luminance of 700 cd/m* is obtained at a drive voltage of 10 V and a current density of 
100 mA/cm* in a device having an organic three-layered structure of Mg Ag/PBD (electron transport 
flmytetrapbenyi butadiene (light-emitting fiim)/TD A (positive hole transport fumyiTO, described in C. Adachi. 
T.Tsutsul.S.Saito,Appl.Phys. Lett, 58, 799 (1990). 

No description about the life time is made in the reference. However, the life time of 10 to 1,000 hours is 
generally given at a current density of 10 mA/cm* when an Mg-Ag electrode Is used. 

When Au or Cu is used as the electrode for electron injection in a conventional structure, a current density 
of 1 mA/cro 2 or more cannot be obtained even with an application of a drive voltage of 50 V, and no emission 
occurs. When a drive voltage exceeds 50 V. the device is short-circuited and broken. 

As compared with the characteristics of this conventional device, the organic EL devices according to the 
present Invention are excellent in at least one of the drive voltage, luminance, and life time characteristics. 

Example 31 

An organic EL device having a multJIayered structure having four organlcf Urns as In Fig. 35 Is manufactured 
In this Example. This device comprises an At electrode (M,) for electron Injection, an organic film consisting 
of an oxadlazole derivative represented by (C61 ), an organic film consisting of a tetraphenylethylene derivative 
represented by (C62), an organlcf ilm consisting of a tetraphenylethylene-triphenylamlne represented by (C63), 
an oraanlcfllm consisting of a toriphenylamlne derivative represented by (C64). and ITO electrode (Ma) for hole 
Injection, when viewed from the top. Light is detected on the side of the glass substrate. 

The ITO electrode is formed by a sputtering method and has a sheet resistance of 10 n/em 3 . The respective 
organic films are sequentially formed at a degree of vacuum of about 10-* Torr in accordence with a vacuum 
sublimation method end heve e film thickness of 30 nm. The At electrode is formed by e vacuum deposition 
method and has a f Im thickness of 100 nm. 
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In this device, when a bias voltage is applied such that the ITO electrode is positive, green emission having 
a luminance of 2,000 cd/cm* is obtained at a voltage of 1 0 V and a current density of 1 00 mA/cm* At this time, 
45 green emission having an emission peak wavelength of 540 nm is obtained. The emission spectrum corre- 
sponds to the emission spectrum caused by photoexcitation of the organic film 0 3 . 

Example 32 

so An organic EL device having a multllayered structure having five organic films is manufactured In this Ex- 
ample. This device comprises an At electrode (M,) for electron injection, an organic film consisting of an N- 
phenylnaphthalenediimide derivative represented by (C65), an organic film consisting of an N-phenylnaphtha- 
lenediimide-oxadiazole derivative represented by (C66), an organic film consisting of an oxadlazole derivative 
represented by (C81), an organic f im consisting of a PPCP derivative represented by (C67). an organic f Im 

55 consisting of a triphenylamine derivative represented by (C64), and an ITO electrode (M2) for hole injection, 
when viewed from the top. 
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In this device, when a bias voltage is applied such that the ITO electrode Is positive, blue emission having 
a luminance of 1,000 cd/cm* and an emission peak wavelength of 450 nm Is obtained at a voltage of 7 V and 
a current density of 100 mA/cm 2 . The emission spectrum corresponds to the emission spectrum caused by 
photoexcitation of the organic film 0 4 . 

Example 33 

An organic EL device having a multilayered structure consisting of five organic films is manufactured in 
this Example. This device comprises an At electrode (M,) for electron injection, an organic film consisting of 
an oxadiazole derivative represented by (C68), an organic film consisting of an oxadiazole derivative repre- 
sented by (C69), an organic film consisting of an oxadiazole derivative represented by (C81), an organic film 
consisting of a PPCP derivative represented by (C67), an organic film consisting of a triphenylamine derivative 
represented by (C64), and a an ITO electrode (Ma) for hole injection, when viewed from the top. 




(C68) 
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The oxadlazole derivatives represented by (C68) and (C69) have different numbers in substituent group- 
CF 3 . 

In this device, when a bias voltage is applied such that the ITO electrode is positive, blue emission having 
a luminance of 1.000 cd/cm* and an emission peak wavelength of 450 nm is obtained at a voltage of 9 V and 
a current density of 100 mA/cm*. The emission spectrum corresponds to the emission spectrum caused bv 
photoexcitatton of the organic film 0 4 . 

Example 34 



First, an organic EL device having a multlayered structure consisting of four organic films is manufactured. 
This device comprises Cu Af electrode for electron injection, a first organic film consisting of an organic com- 
pound represented by (C70), a second organic rim consisting of an organic compound represented by (C71). 
a third organic film consisting of an organic compound represented by (C72), a fourth organic film consisting 
of an organic compound represented by (C73). and an ITO electrode for hole injection, when viewed from the 
top. The respective organic films are sequentially formed by a vacuum sublimation method at a degree of va- 
cuum of about 1<M Torr, and each film has a flm thickness of 30 nm. The Cu Af electrode is formed by a va- 
cuum deposition method end had a film thickness of 100 nm. In this device, the electron injection barrier at 
the Interface between the first organic flm and the second organic flm exceeds 0.6 eV. Even when a biaa 
voltage Is applied to this device such that the ITO electrode is positive, it is difficult to increase the current 
density enough to obtain a efficiently high emission luminance. 

Then, s fifth organic film consisting of (C76) or (C76) and a sixth organic flm consisting of (C77) ore In- 
serted between the first and second organic films. In (C75) or (C76). three naphthylimlde skeletons serving 
as the basic skeletons for exhibiting electron Injection properties In (C70) of the first organic flm are combined 
through benzene or triphenylmethane groups to wesken the electron injection properties (the conduction band 
level is lowered). The sixth organic flm (C77) has s structure In which s naphthyfimids skeleton Is combined 
with sn oxadlazole group serving as the basic skeleton of the second organic flm (C71) through a benzene 
group. The conduction band level of the sixth organic film Is positioned between the fifth and second organic 
flms. By adding the fifth and sixth organic films, blue emission having a luminance of 1.000 cd/m* and an 
emission peak wavelength of 450 nm Is obtained at a current density of 100 mA/cm* although an operatino 
voltage is as high as 25 V. * 
In this device, the barrier against electron injection at the interface between the second and third organic 
f Ims is close to 0.6 eV. Further, a seventh organic film consisting of (C78) is inserted between the second 
and third organic films. The (C78) molecule is obtained by combining the oxadlazole group serving as the basic 
skeleton of the second organic film (C71) and the cyclopentadiene group serving as the basic skeleton of the 
molecule (C72) of the third organic film. The conduction bend level of the seventh organic film can be posi- 
tioned between the second and third organic flms to decrease the electron injection barrier. By adding the 
seventh organic film, the drive voltage is decreased as low as 15 V, and ths luminance is increased to 2000 
cd/m* at a current density of 1 00 mA/cm*. 

SHI further, a device is manufactured such that (C74) is used in place of the first organic f Urn (C70) (C80) 
to uaed in place of the fifth organic flm (C75) or (C76). and (C80) is used in place of the sixth organic flm 
(C77). 

As s result, the drive voltage is decreased as low as 10 V. and the luminance is increased to 4.000 cd/m* 
at a current density of 100 mA/cnA 
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Example 35 



An organic EL device having a structure shown m Fig. 21 Is manufactured In this Example. This device 
has three reglone. by using an organic compound represented by (C81). I.e., an electron Injection layer E L) 
2 having a crystalline structure, a llght-emlttlng layer (LEL) 3 having an amorphous structure, and a hole In- 
jection layer (HIL) having a crystalline structure, between a first electrode 16 consisting of an Af-Ag alloy and 
26 a second electrode 12 consisting of an ITO film. 

The first electrode 1 6 Is filled like e f ilsment In the first electron injection Isyer 2 having a crystalline struc- 
ture to form a field emission electrode. 
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3S This device is manufactured as follows. A 200-nm thick ITO flm is termed on a glass substrate 11 which 

does not contain any alkali component. In accordance with a sputtering method. The substrate having the ITO 
f Bm Is set in an MBE apparatus, snd the MBE apparatus is evacuated at a high vacuum of 1 0-«Torr. An organic 
compound represented by (C81) Is deposited on the ITO film at a deposition rate of 0.01 nm/sec. At this time, 
a 50-nm thick crystalline film Is formed at a substrate temperature of 40°C. a 20- nm thick amorphous flm is 

40 formed by changing the substrate temperature to -30°C. and the substrate temparature is returned to 40»C to 
form a 50-nm thick crystallne film again. Finally, a 100-nm thick Af-Ag alloy is formed by the vacuum depoa- 

ttton <£ystei»ne and amorphous f Ims of the organic compound represented by (C81 j are formed in advance, 
and the mobilities of the carriers (electrons and positive holes) are measured by the TOF method. The mobltty 
46 in the crystalline film is about 1 0-» cmW sec and the mobility in the amorphous film Is about 10-" cmW-sec. 

When a voltage of 15 V is applied to this device, bluish green emission having a wavelength of 500 run 
and a luminance of 1.000 cd/m* is obtained at a current density of 100 mA/cm*. 

As a comparative example, a device having a 1 50-nm thick single-layered organic flm having an amor- 
phous structure using the organic compound of (C81) between first and second electrodes is manufactured, 
so This organic EL dsvice requires an drive voltage almost three times that of the device of Example 35 to obtain 
the same current densly. In addition, the device of the comparative example has a lower emission luminance 
than that of the device of Example 35. The device of the comparative example has a higher short-cscuiting 
probability. Even if short-circuiting does not occur, ths life time is greatly shortened. 

59 Example 38 

An organic EL device shown in Fig. 54 is manufactured In this Example. This device comprises s first elec- 
trode M, 36 consisting of At . a first organic flm O, consisting of an organic compound of (C82) and serving 
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as an electron injection layer 35, a second organic film 0 2 consisting of an organic compound of (C83) and 
serving as a light-emitting layer 34, a third organic film 0 3 consisting of an organic film of (C84) and serving 
as a hole injection layer 33, a second electrode Ma 32 consisting of an ITO film, and a glass substrate 31, when 
viewed from the top. 
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26 This device Is manufactured as follows. A 200-nm thick ITO film is formed on a glass substrata 31 which 

does not contain any alkali component, in accordance with a sputtering method. The substrate having the ITO 
f Im is set in a high vacuum deposition apparatus, and the high vacuum deposition apparatus is evacuated at 
a high vacuum of 1(H Torr. The organic compound represented by (C84) is deposited on the ITO to a thickness 
of 50 nm at a substrate temperature of 25*C at a rate of 0.01 nm/sec. The organic compound represented by 

30 (C83) is formed to a thickness of 30 nm. The organic compound represented by (C82) Is formed to a thickness 
of 50 nm. 

Then, a photoresist is formed on the first organic f Im O, to a film thickness of 50 nm by a spin coating 
method and Is exposed using a photomask having a dot pattern consisting of dots having a pitch of 1 5 nm and 
each having a diameter of 5 nm and developed, thereby forming pin holes each having a diameter of 5 pm in 
35 the photoresist A 10O-nm thick Af film Is formed by a vacuum deposition method. The metal is filled like a 
f lament having a diameter of 5 pm in the first organic film. 

The mobilities of the carriers (electrons and positive holes) are measured by the TOF method in advance. 
The electron mobility in the first organic flm O, is about 10-* cmWsec, the electron mobilty in the second 
organic film Oa is about 10-* cmW sec, the hole mobility In the second organic flm O a waa about 10-«> crrv*- 
40 /V sec, and the hole mobility In the third organic flm O, la about 10-* cmW sec. 

In Example 36, the energy level at each junction interface with respect to the second electrode Ma and 
the organic films is optimized In consideration of the electron injection and the hole injection, except the junc- 
tion interface between the first electrode Mi serves aa a field emission electrode and the first organic film O,. 
as wil be described below. Assume that the work functions of the first and second electrodes M, and M 2 are 
45 defined aa E** and Em* that the band gap of the first organic flm O, ia defined as Eg,, that the energy dif- 
ferences of the valence and conduction bands from the vacuum level are defined as E V1 and Eci. that the band 
gap or the second organic film Oa is defined aa Eg* that the energy differences of the valence and conduction 
bands from the vacuum level are defined as Eva end Eca, that the band gap of the third organic film Oj is defined 
as Eg), and that the energy differences of the valence and conduction bands from the vacuum level are defined 
60 as Eva and 

Fig. 55 shows Jmction states of the device of this example. Although a condition Em, - Ed > 0.6 eV is es- 
tablished, Le., the junction barrier at the interface between the first electrode M, and the first organic f im 0 1( 
electrons tend to be injected from the first electrode to the first organic film by applying field emission. In ad- 
dition, a condftion Eci - Eca * 0.8 ev is satisfied, and the electrons tend to be injected from the first organic 
55 flm O, to the second organic flm 0 2 . Further, conditions Ey* - Em * 0.6 eV and Eva - Evs * 0.6 eV are es- 
tablished, and the positive holes tend to be injected from the second electrode Ma to the second organic flm 
Qj through the third organic film O,. Thus, aa shown in Fig. 56, emission also occurs based on the above- 
mentioned principle in this device. 
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When a voltage of 10 V is applied to this device, bluish green emission having a wavelength of 500 nm 
and a luminance of 2,000 cd/m 2 is obtained at a current density of 100 mA/cm 2 . 

Example 37 

An organic EL device obtained by crystallizing the first organic fim O t and the third organic f Urn O3 in Ex- 
ample 36 Is manufactured. More specifically, the substrate temperature is raised to 50°C and the deposition 
rate is reduced to 0.002 nm/sec in formation of the first and third organic films and O,, thereby slowly grow- 
ing the films. 

The carter moblities of the organic films formed under the above conditions are measured by the TOF 
method in advance. The electron mobility in the first organicf ilm O, is about 1 cmWsec, and the hole moblity 
in the third organic film O* is about 10- 1 cmW sec 

In this device, the drive voltage can be reduced to about 172 that of Example 36. 

15 Example 38 

An organic EL device shown in Fig. 57 is manufactured in this Example. This device comprises a first elec- 
trode Mi 36 consisting of At, a first organic fim O, consisting of an organic compound of (C82) and serving 
as an electron injection layer 35, a light-emitting layer 34 obtained by alternately stacking an organic fim 101 
20 consisting of an organic compound of (C85) and an organic film 102 consisting of an organic compound of 
(C86), a third organic fim 0 3 consisting of an organic compound of (C84) and serving as a hole Injection layer 
33, a second electrode M 2 32 consisting of an ITO fim, and a glass substrate 31. when viewed fbrm the top. 
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40 

This device is manufactured folowing the same procedures as In Example 37 except for the light-emitting 
layer 34. The light-emitting layer 34 is manufactured as follows. A 3-nm thick organic film 101 and then a 3- 
nm thick organic film 102 are formed at a deposition rate of 0.01 nm/sec and this process is repeated five 
times. In addition, a 3-nm thick organic fim 1 01 is formed. The resultant light-emitting layer 34 has a crystalline 

45 structure. The electron or hole mobility in each of the two different organic films 101 and 1 02 constituting the 
light-emitting layer 34 is about 10-* cntf/Vsec. 

Fig. 58 shows Junction states of the device of this example. The band gaps of the two different organic 
f ims 101 and 102 constituting the light-emitting layer are defined as E^ and E^, and the energy differences 
of the valence and conduction bands from the vacuum level are defined as E V i. Eci, Ev2, and E<a- in the device 

so of this example, Eg, - 2.1 eV, E* » 2.5 eV, E vt - 5.8 eV, Eci * 3.7 ev, Ev2 - 6,0 eV, and E^ * 3.5 ev. That is, 
the band of the light-emitting layer forms a continuous shallow well potential structure. The mobilities of the 
carriers (electrons and holes) in the light-emitting layer having the continuous well potential structure are meas- 
ured by the TOF method in advance. Each of the electron and hole mobilities Is 10* cmW sec. As shown In 
Fig. 59, emission also occurs in this device in accordance with the above-mentioned principle. 

55 When a voltage of 5 V is applied to this device, green emission having a wavelength of 550 nm and a lu- 
minance of 3,000 cd/m 2 is obtained at a current density of 50 mA/cm 2 . 

As a comparative exanple, a device having a light-emitting layer constituted by only organic fim 101 is 
manufactured. In this organic EL device, an almost identical current density can be obtained when the same 
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voltage as in Example 38 is applied, but the emission luminance is greatly reduced to 200 cd/m 2 due to the 
following reason. In this device, an effect of causing the carriers to reside In the light-emitting layer cannot be 
obtained, and a probability of causing the carriers to flow in the opposite electrode without recombination is 
increased. 



Claims 

1. An organic electroluminescent device comprising a multilayered structure consisting of first and second 
organic f ims (3, 4), in which said first organic f Im (4) serves as a light-emitting layer, a first electrode (5) 
for electron injection formed on a first organic film side of said multilayered structure, and a second elec- 
trode (2) for hole injection formed on a second organic film side of said multilayered structure, character- 
ized in that a relation E V i - Ev2 ^ 0.6 eV is satisfied where E V1 and Eyj are energy differences of valence 
bands of said first and second organic films (3, 4) from a vacuum level, respectively, and at least an in- 
terface of an organic film and an electrode with a higher Junction barrier has such an interface structure 
that carriers can be tunnel-injected due to the decrease in a barrier thickness when a voltage is applied. 

2. An organic electroluminescent device comprising a multilayered structure consisting of first and second 
organic f Ims (3, 4), in which said second organic film (3) serves as a light-emitting layer, a first electrode 
(5) for election injection formed on a first organic f Urn side of said multilayered structure, and a second 
electrode (2) for hole injection formed on a second organic film side of said multilayered structure, char- 
acterized In that a relation - E« s 0.6 eV Is satisfied where Eci and E<a are energy differences of 
conduction bands of said first and second organic filme (3, 4) from e vacuum level, respectively, and at 
least an interface of an organic film and an electrode with a higher Junction barrier has such an interface 
structure that carriers can be tunnel-Injected due to the decrease in a barrier thickness when a voltage 
is applied. 

3. The device according to claim 1 . characterized in that said first electrode (5) Is a field emission electrode. 

4. The device according to claim 2, characterized in that said second electrode (2) is a field emission elec- 
trode. 

5. The device according to claim 1, characterized by further comprising a third organic film with electron 
injection properties between the first electrode and the first organic film. 

6. The device according to claim 2, characterized by further comprising a third organic film with hole injection 
properties between the second electrode and the second organic film. 

7. The device according to claim 1, characterized in that condition E vt - Ev2 * 0.6 eV is satisfied. 

8. The device according to claim 2, characterized in that condition Eci - Eo * 0.6 eV Is satisfied. 

9. The device according to claim 1, characterized in that a carrier mobility ^ In the organic film serving 
as a light-emitting layer and a carrier mobility \jlol in the organic flm serving as a carrier injection layer 
satisfy condition Mcu/lka. > 1 0 4 . 

10. The device according to claim 2, characterized In that a carrier mobility ma. in the organic film serving 
as a light-emitting layer and a carrier mobility mol in the organic flm serving as a carrier injection layer 
satisfy condition Mcii/Mia. > 10 4 . 

11. An organic electroluminescent device, comprising a multilayered structure consisting of an organic flm 
for electron injection and an organic film for hole injection, at least one of which consists of a plurality of 
layers, and an organic flm serving as a light-emitting layer interposed therebetween, a first electrode for 
electron Injection formed on the side of the organic film for electron injection of the multilayered structure, 
and a second electrode for hole injection formed on the side of the organic f Bm for hole injection of the 
multilayered structure, characterized In that a barrier height against electron injection at each interface 
between layers present from the first electrode to the organic flm serving as the light-emitting layer is 
not more than 0.6 eV, and a barrier height against hole injection at each interface between layers present 
from the second electrode to the organic film serving as the light-emitting layer Is not more than 0.6 eV. 
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12. The device according to claim 11, characterized in that molecules constituting a central organic film of 
three arbitrary adjacent organic f Bms have a basic skeleton obtained by combining basic skeletons having 
different molecules and constituting end organic films of said three arbitrary adjacent organic f Oms. 

9 13. The device according to claim 11, characterized in that a carrier mobility m^L in said light-emitting layer 
and a carrier moblity ucu. in a carrier injection layer satisfy condition ucu/mlel > 10*. 

14. The device according to claim 1 3, characterized in that the carrier moblity iiol in the carrier injection layer 
is higher than 10-* cm 2 / V sec. 
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(g) Organic electroluminescent device. 

@ There la disclosed an organic electroluminee- 
cent device, comprising a mUtfleyered struc- 
ture of an organic fHm for electron injection, 
and an organic film for hole Injection, at least 
one of which consists of a plurality of layers, 
and an organic film serving as a light-emitting 
layer interposed therebetween, a first electrode 
for electron injection formed on the side of the 
organic film for electron injection of the mul- 
tflayered structure, and a second electrode for 
hole Injection formed on the side of the organic 
film for hole injection of the multlayered struc- 
ture, wherein s barrier height against electron 
injection at each interface between layers pre- 
sent from the first electrode to the organic film 
serving as the light-emitting layer is not more 
than 0.6 eV, and a barrier height against hole 
injection at each interface between layers pre- 
sent from the second electrode to the organic 
film serving as the light-emitting layer la not 
more than 0.6 sV. 



FIG. 35 



ZZZZZSlZZZZ 



at 



zzzzz&zzzz 



-Al 



■IT0 



Jouv*. 18, rut SaintOtnto, 75001 PARIS 



c 



c. 



EP 0 553 950 A3 



J 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



DOCUMENTS CONSIDERED TO BE RELEVANT 



BP 93300038.2 



P,A 



Ckatfea mt4 



■ppripria 



EP - A - 0 498 979 
(TOSHIBA) 

* Totality * 

ep - a - Q ?99 551 

(TOSHIBA) 

* Totality * 



Tfce p reseat 



> fen 



CLASSIFICATION OF 1H* 
APfUCAHOWgiCL^ 



1.2 



1.2 



H OS B 33/14 
H 05 B 33/00 



TECHNICAL FIELDS 
SEARCHED 0BLCL5) 



H 05 B 33/00 



VIENNA 



om*4* m ****** 

14-09-1994 



FBLLNER 



CATEGORY OF CITED DOCUMENTS 



X : MtioiUely rdmtl tf (ik« aim 
V : Mftteabriy NtafiM If om»U*W «*i 
I 4ooMi«t W ike um caicm 

- A : ledMoioticai ttcfcfr«««1 

F : imtti 



D i <!■ ■■! <*«* » ik« applkBitaa 
L : 4«aiaM»f dtai far rmsms 

«f tW na» im«m (tally, trnnspmSmg 



2 



